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Nomenclature

= coefficient of Re in Nu vs R~ and Pr correlation

= inlet manifoléd location

channel normal area = h.w,

flow normal area = nh.w,

=~ specimen normal area = L-W

~ wetted wall area (total wall area exposed to fluid) = 2nf/w +h_)L
= coefficient of Pr in Nu vs Re and Pr correlation

= outlet manifold location

= leading coefficient in Nu vs Re and Pr correlation

= specific heat at constant pressure

specimen hydraulic diameter = 2w h /(w +h.)

= friction factor

= heat flux distribution function

= mass flow rate per unit flow normal area in channel = m /A_ = pV
= heat transfer coefficient

= enthalpy

= height of channel

= thermai conductivity

= heated length of specimen

n
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m =~ mass flow rate

m. = mass flow rate per channel
n = number of channels

Nu = Nusselt number = h-Dp/k

Nu,~ modified Nusselt number = Nu-(T,/T,)° 3%

P = pressure

Pr = Prandtl number = u-c /k

q, = local normal heat flux

Q,x = fraction of cota. heat flow on specimen added up to position x
= integration 5f furnace calibratfon function f,, 0 to x

Q; = total heat transfer to specimen

q, = local heat f.ux (heat flow per unit area) into the cooling fliuid based

on total wetted-wall area of the specimen

r = recovery factor = Pr!/? for turbulent flow

Re = Revnolds number =~ pVD,/u

T = temperature

Tew = cooling fluid adiabatic wall temperature

Ty = local bulk fluid temperature

T, = specimen wall temperature

V = velocity

Ve, = heater voltaze

W = width of specimen

w, = width of channel

Wy = uncertainty in friction factor

W, = uncertainty in heat transfer coefficient

W, = uncertainty in Nusseit number

Wqe = uncertainty in total heat transfer

W, = uncertainty in Reynolds number

W.¢ = uncertainty in fluid temperature

W.. = uncertainty in wall temperature

vii



B R ¢

~Q

position coordinate parallel to flow direction
position coordinate perperdicular to flow direction

coefficient of thermal expansion
dynamic viscosity

kirexsii: viscosity

density

location where heating begins (x/L~-0)
location where heating ends (x/L~1)
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Heat Transfer in a Compact Heat Exchanger Containing
Rectangular Channels And Using Helium Gas

Douglas A. Olson

Chemical Engineering Science Division
National Institute of Standards and Technology
Boulder, CO 80303-3328

Abstract

Ve have constructed a compact heat exchanger consisting cf 12
parallel, rectangular channels in a flat piece of commercially
pure nickel. This channel specimen was radiatively heated on the
top side at heat fluxes of up to 77 W/cm?, insulated on the back
side, and ccoled with helium gas flowing in the channels at 3.5 to
7.0 MPa and Reynolds numbers of 1400 to 28 N000. The measured
friction factor was lower than that of the accepted correlation
for fully developed vurbulent flow, aithough our uncertainty was
high due to uncertainty in the channel height and a high ratio of
dynamic pressure to pressure drop. The meas' ced Nusselt number,
“hen modified to account for differences in .luid properties
between the wall and the cooling fluid, agrced with past
correlations for fully developed turbulent flow in channels.

Flow nonuniformity from channel-to-channel was as high as 12%
above and 19% below the mean flow.

K~y words: apparatus; compact heat exchanger; convection heat
transfer; friction factor; high temperature; National Aerospace
Plane; radlative furnace; rectangular channel; turbulent flow;
variable property effects.

This work was supported by NASA Langley Fesearch Center under contract L7490C.



1. Introduction

» Development of a National Aerospace Plane (NASP), which will fly at
hypersonic speeds, requires novel cooling techniques to manage the anticipated
high heat fluxes on various componentsf(Shore, 1986). The problem that
motivates this work is cooling of the engine struts. Due to zerodynamic
heating associated with the combustion of the hydrogen fuel, along with
thermal radiation from the fuel combustion, the engine struts are expected to
receive a normal heating load in excess of 2000 W/cm?® (Scotti et al., 1988).
NASA plans to cool the struts by attaching a cooling jacket heat exchanger to
the surface facing the high hear flux. Hydrogen gas will flow through the
cooling jacket and absorb the heat before entering the engire. The
anticipated conditions are that the hydrogen gas will enter the heat
exchangers at 56 K and 6.9 MPa (1000 psi), and exit at 890 K and 4.8 MPa (700
psi). The heat exchangers are expected to be thin (6 mr: or less)
perpendicular to the flow direction to add minimal weight and thickness to the
struts. Small flow passages will also produce high rates of convective heat
transfer, which will reduce the exchanger temperatures. Reynolds numbers are
expected to be in the range 10 000 to 30 000, with the variation due to the
flow rate and the specific design of the flow passage.

In order to test heat exchangers developed by NASA, we constructed an
apparatus which can provide helium gas flow and a well-characterized heat flux
to a heat excnanger specimen (Olson, 1989). This apparatus was first used to
test a "tube specimen®, which consisted of 20 nickel tubes, 1 mm ID, lying in
parallel on a nickel base plate (Olson and Glover, 1990). For turbuient flow
in the tube specimen and normal heat flux of up to 54 W/cm?, the Nusselc
numbers we measured were in good agreement with the Nusselt numbers for flow
in a single tube with well-characterized boundary conditions. In this work we
present the experimental results of a second possible heat exchanger
configuration for the NASP cooling jacket. We also describe a modification to
the flow apparatus, namely a new furnace, which reuuced the experimental time
constant. The specimen tested here has 12 parallel rectangular channels
through which the helium flows. A rectangular channel has been proposed as a
possible configuration for the NASP cooling jacket (Scotti, et al., 1988); the
flow passage geometry of our specimen was chosen for ease of fabrication and
instrumentation rather than for optimal thermal performance. The length and
width of the specimen, flow manifold comnections, and instrumentation were
identical to those of the specimens to be constructed by NASA.

2. Description of experimental apparatus

The description which follows is based on Olsoa (1989) and Olson and Glover
(1990). The apparatus was designed to test a subset of the conditions
required for the NASP application. Those conditions are (1) a heating rate of
0 to 80 W/cm?; (2) an inlet temperature of 300 K; (3) a cooling-gas pressure
of up to 6.9 MPa at the inlet; and (4) an outlet temmerature of 810 K or less.
We chose helium as the coolant gas because of the similarities in specific
heat, thermal conductivity, and dynamic viscosity to the corresponding
properties of hydrogen. In addition, helium does not have the explosive
hazard of hydrogen. Because of the property similarities, the Reynol:

2



number, Prandtl number, and temperature rise from specimen inlet to outlet can
be matched between helium and hydrogen.

1+ ", apparatus

hie hertium flow apparatus is shown in figure 1, with the details of the
srecimen furnace section in figure 2. Helium gas at 17 MPa (2500 psi) or less
was :..plied from a tube trailer outside the laboratory. The tube trailer
concained 1100 m® of gas (STP). With valves 1 and 2 open, gas flowed from the
trailer, through the inlet piping, and was filtered before entering the dome-
loaded pressure regulator (valve 3). The regulator set the flow pressure
downstream of the regulator to the value of an external control pressure,
either 7 MPa or 3.5 MPa (500 psi) for these experiments.

Within the furnace (fig. 2), the gas flowed into an inlet distribution
manifold which directed it to the heat exchanger specimen. A similar
distribution manifold collected the gas exiting the specimen and directed it
to the outlet tubing. Gas pressure was measured at the pressure taps as shown
at location 0 (start of heated zone) and at location 1 (end of heated zone).
The specimen was located in the target area of the furnace (7.8 cm wide by
15.2 cm long), which delivered radiant heat to the specimen and raised the
temperature of the helium as it flowed through the specimen.

The furnace consisted of a high-intensity infrared radiant heater,
surrounded bv highly reflective walls which reflected the heat from the heater
to the specimen. The reflective walls were wade of 6.4 mm thick aluminum
plates, polished on the inner surface, with a water-cooled cooling jacket
soldered to the outside. This "reflective furnace" replaced the furnace of
refractory walls which had been used for tests on the tube specimen (Olson and
Glover, 1990). The heater contained six high-temperature infrared lamps
mounted in an aluminum housing. A phase-angle power controller which used 480
VAC, single phase, and 75 A at maximum voltage powered the heater.

Downstream of the furnace section, the hot gas flowed through a cocling
coil immersed in a water bath. The rate of gas flow was manually adjusted at
the bath outlet by valve 4, which also dropped the gas pressure to atmospheric
pressure. Beyond the valve, we measured helium flow rate with a heated-tube
thermal mass flow meter. After exiting the flow meter the gas was vented
outside the laboratory.

2.2 Charnel pecimen

The channel specimen is shown in figure 3. It ccnsisted of 12 parallel
flow channels milled in a lower plate of commercially pure nickel (UNS 02200),
with a cover plate of the same nickel brazed to it. The gas was directed into
the channels by the inlet manifold, flowed down the channels, and was
collected in the outlet manifold. Hexting was from the top in figure 3. The
channel width and height we.e 3.18 mm and 0.56 mm, respectively. The ridge
between channels was 3.18 mm wide. The lower plate was 3.12 mm thick and the
cover plate was 1.93 mm thick, for a total thickness of 5.05 mm. The specimen
was 7.86 cm wide and 19.1 cm long. The pressure taps were tuhes, 1.5 mm OD
and 1.0 mm ID, brazed into holes penetrating one of the channels.
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The cover and base plate were cut to size and the channels milled at NIST.
The cover plate was brazed to the base plate at NASA Langley Research Center
in a vacuum oven using a braze alloy foil of 50% gold, 25% palladium, and 25%
nickel (AMS-4784, 1394 K liquidus). Prior to brazing, the inner facing
surface of both plates was lapped tc a flatness of *0.01 mm. Figure 4 shows a
sketch of an x-ray of the specimen after brazing. The figure shows that large
braze fillets formed in 4 of the 12 channels, which partially occluded the
flow passages.

The assembled specimen was brazed to slots in the inlet ana outlet
manifolds using a braze alloy of 82% gold and 18% nickel (AMS-4787, 1223 K
liquidus). The pressure tap tubes were brazed to the spccimen during the same
braze cycle. We pressurized the manifold and specimer to 10.3 MPa (1500 psi)
prior to installing the instrumentation, and there were no leaks. We painted
the top side of the specimen (the cover plate <idc) a flat klack over the 15.2
cm length, to establish a uniform and highly absorptive surface over the
heated area. The paint was rated to 1M)0 K (1350 °F).

2.3 Instrumentation

We measured the temperature of the gas ir the inlet and outlet manifolds,
gas pressure in the specimen. specimen temperatures, and the aforementioned
gas flow rate. The measuremen technique and uncertainties, along with the
gas property uncertainties, are summarized in table 1.

We - termined the distribution of heat flux or the specimen by calibrating
i g 1ace prior to inserting the specimen. The heat flux distribution was
de . as the local, rormal (perpendicular) heat flux as a functior of
}-s.tion over the furnace target. The heat flux was constant in the direction
perpendicular to flow (y), and varied by no more than *7% in the direction
parallel to flow (x) except within 6% of the end walls. Details of the
furnace calibration are found in appendix A.

The gas inlet and outlet *emperatures were . .asured with platinum
resistance thermometers (PRTs), 4.8 mm diameter, inserted ir the gas manifolds
at locations A and B of figure 2. We measured the gas pressure at location 0
in the specimen with a vaciable-reluctance f-essure transducer which had an
output of 8.6 MPa full scale. Difference in pressure between locations 0 and
1 in the specimen was measured with a differential pressure transducer, also a
variable-reluctance type with an output of 140 kPa (20 psi) full scale.

We measured specimen temperatures with thermocouples made from type-N wire,
with a wire diameter of 0.25 mm. We spot-welded 25 thermocouples to the side
opposite the radiant heat flux (insulated-side). The heated-side temperature
was measured at 7 locations with type-N thermocouples mounited as shown in
figure 3. Two holes, 0.33 mm diameter, were drilled 1.27 mm on-center through
the ridge between the channels. The holes were back-drilled to within 0.20 mm
of the surface with a 0.57 mm diameter drill. We spot-welded each wire of the
pair to the heated surface, with the lead extending out the hole on the
insulated side. The thermccouple circuit was completed by the specimen
material between the two wires. A quartz sleeve, 0.48 mm outer diamzccer, was
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inserted ov.ur the wire into the hole to electrically insulate the wire from
the wall of the hole. Beca:re a portion of the specimen was removed and
replaced by wire plus quartz - «<h of which had a therm:l conducti-ity lower
than that of the specimen, mounting the thermocouple locally increased the
specimen temperature. We estimated the magnitude of t'iis temperature rise
from a finite-element analysis as 2-5 K at a radiant hLeat flux of 50 W/car.
Temperatures measured with the insulated-side thermocouples were used to
determine the heat transfer coeffi:i¢nt, as the installation technique did not
disturb the specimen temperatures and conduction errcrs weie insignificanc.

All thermocouples were connected to an isothermal reference box. We
measured the temperature of the reference box with a platinum resistance
thermometer. Copper conductor wire connected the reference box to the data
scanner. The connector box introduced negligible errcr in the temperature
measurement (Olson, 1989).

All instrument signals were multiplexed through an automated scanner and
measured with a digital voltmeter. The scanner and voltmeter were controlled
with a personal computer through an IEEE-488 bus. Raw signals were stored on
a hard disk and copied to floppy disk for backup. Signals were converted to
SI units and the dara analyzed at the completion of an experimental run. Sonme
signal readings were converted immediately to SI units and displayed on the
video terminal to assist in monitoring and operating the experiment. We have
included the measurement uncertainties introduced by the data acquisition
systew in the stated uncertainties of each sensor.

3. Drscription of experiments and anaiysis techniques
3.1 Lxperiments conducted

A conditions for the nine experiments conducted with the -hannel specimen
in the helium flow apparatus are summarized in table 2. Also listed are the
v..lues for the geometrical parameters requiref for the data analysis. Table 3
lists values for 2ll the measured and calculated parameters at each data point
for each experimenz. Tests were conducted at system pressures of either 3.5
MPa (500 psi) or 7.0 MPa (1000 psi). In experiments 1 and Z, we tested a
range of heliuva flow rates, without heating the specimen, to determine the
friction faccor. In experimants 3 to 9. we varied the heater lamp voltage to
vary the rate of specimen heating; at each heating rate a range of helium flow
rates vas tested up to 41 kg/h. The range in Reynolds number was 140C to 28
000, while the range in normal heat flux was 0 to 77 W/cm® (68 Btu/{s-ft?)).
The minimum i; let gas temperature was 291 K (64°F), while the maximum gas
Jutlet temperature was ;10 K (818°F). The maximum specimen temperature we
meastred was 784 K (951°F).

Because of the high heat fluxes generated by the furnace, we carefuily
followed a procedure o prevent overheating the specimen during experimental
set-up, run, and shut-down. With inadequate helium flow to cool the specimen,
tha furnace is capable cof heating the specimen beyond the melting point of the
brazing alloy and the nickel; with an internal pressure of 3.5 MPa or greater
this could easily rupture the specimen. We always started helium flow hefore



turning on the furnace, and we maintsined helium flow after the furnace was
turned off. To set an experimental point, we closed valves 1 and 2, set the
control pressure on valve 3, and cracked open valve & (see fig. 2). We opened
valve 1 and verified that the tube trailer pressure was at least 25% above the
desired system pressure. Then, we slowly opened valve 2 to full open to
establish the helium flow. Valve 4 was adjusted to set a flow rate of at
least 5 kg/h. Next, we turned on the furnace heater lamp to a low voltage
(108) while monitoring temperatures. The lamp voltage was then turned up to
the desired setting, and the helium flow was increased if necessary to provide
sufficient cooling.

Before taking the first dsca point, we waited at least 15 minutes with the
heater lamp at steady pover to allow the specimen and manifolds to reach
thermal steady-state. The reflective furnace reached thermal steady-state in
about 5 min, but the outlet manifold had a longer time constant due to its
large thermal capacitance. We scan' °d the sensors at least twice at each
setting. After sampling all the sensors, we changed the helium flow rate by
adjusting valve 4. At each new flow rate, we waited a minimum of 5 min to
establish thermal steady-state before taking data, because a change of flow
rate also affected gas, specimen, and manifold temperatures. After we
finished taking data at one heater setting, we turned off the heater and
reduced the helium flow to 5 kg/h or less. We turned off the helium flow when
te furnace had cooled sufficiently, usually after about 10 min.

An unsteady experimental setting could translate into errors in the
calculated performance perzmeters. In the data analysis to follow, we have
assumed the settings were sufficiently steady to ignore thermal transients. A
steady setting was established by maintaining constant helium flow, gas
pressure, furnace heating, and gas inlet temperature. All were held steady to
within the uncertainty in the calibrations of the measurements. 1In the tube
specimen tests (Olson and Glover, 1990), we observed the inlet gas temperature
to decrease due r> gas expansion. Because the present experiments were
conducted in summer, the tubing between the helium supply trailer and the
laberatory provided sufficient heat transfer to maintain a constant gas inlet
temperature.

For the experiments conducted, we analyzed the data to determine the heat
transfer coefficient, h, and the friction factor, £. The heat transfer
coefficient was expressed as a dimensionless numher, the Nusselt number, Mu.
A modified Nusselt number, Nu,, was calculated to include the effects of
variations in thermophysical properties, which we found to be significant in
the tube specimen experiments. Nu and Nu, were correlated with the Reynolds
number, Re. The parameters h, Re, and Nu were calculated at each location of
an insulated-side thermocouple.

3.2 Friction factor

The friction factor results from an integration of the one-dimensional
momentum equation in the flow direction:

1
Po-Py = G3(1/p1-1/p) + (2c’/Dh)J°(f/p)dx. (1)
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where P =~ pressure;

mass flow rate in channel vhere pressure taps are located per
unit flow normal area

a/A, = pV;

mass flow rate in channel;

density;

channel normal area = h.w,:

velocity;

hydraulic diameter;

n = number of channels;

0 = location of upstream pressure tap {x/L = 0);

1 = location of downstream pressure tap (x/L = 1).

(7]
]

P e
Lo

The first term on the right hand side of the equation is the pressure change
due to flow acceleration, and the second term is the pressure drop due to
frictional effects. Temperatures measured perpendicular to the flow direction
for experiments with heating indicated that the flow was not evenly
distributed in the 12 channels. The flow in the channel with the pressure
taps vas determined by the method described in appendix B.

If the change in density is small compared to the absolute density, and the
pressure drop through the specimen is linear, then the integral can be
approximated as a constant and the resulting equation for f is

f - Po-Py - Cz(]./prl/po)
2(G*/p) - (L/Dy)

with p = (py + 9,)/2.

' 3)

The density-change criterion was met when thuere wus no heating, but when the
specimen was heated the exit density was as small as half the entrance
density, and eq (3) was not valid. Hence, the friction factor was determined
for the tests with no heating as a function of Reynolds number, where

Re = pVDy/p. %)
To determine whether specimen heatirg had an effect on the friction factor,
eq (1) was integrated in a summation form from the inlet to outle: to predict
the pressure drop Py-P;, for the experiments with specimen heating. The
integral was evaluated at each location wvhere wall temperature was measured,
with £ found from the f-vs-Re correlation of experiments 1 and 2 and the local
density found from the gas temperature and pressure. This predicted pressure
drop was compared with the mezsured pressure drop.
3.3 Heat transfer coefficient
The heat transfer coefficient, h, is defined through the equation
qQy = h'(Tn'Tu)o (5)
where q, = local heat flux (heat flow per unit area) into the cooling
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fluid based on total wetted-wall area of the specimen;
h = heat transfer coefficient;
T, = specimen wall temperature;
T, = adiabatic wall temperature of the cooling fluid.

The adiabatic wall temperature is used in gas fiows whenever the kinetic
energy is significant compared to enthalpy changes (Rohsenow and Choi, 1961).
Friction can cause the local wall temperature to exceed the bulk fluid
temperature for an adiabatic specimen, and the adiabatic wall tesperature
approximates this effect. It is defined as

~~

T = T¢ + TV¥/(2¢)),

where T, = Jocal bulk fluid temperature;
r = recovery factor = Pr!/3 for turbulent flow.

Adiabatic heating was as amuch as 2 X, and was greatest for the low pressure

experiments at high flow rate and high heating rate. The local heat flux in
eq (5) 1s expressed in terms of the total heat transfer to the specimen, Q,
the total wetted wall area, and the furnace calibration function, f§ (Olson,
1989), which is a dimensionless expression of the local normal heat flux:

G = (Qe/A) £ (A/A,), (N

with A, = wetted wall area = 2n(w +h.)L;
A, = specimen heated normal area -~ L-W.

The function fi is on the order of 1, and if the heat flux were constant then
f; would be 1 everywhere. The wall teamperature used in eq (5) was measured
with the thermocouples on the insulated side of the specimen. We have assumed
that wall conduction was negligible both in the flow direction (x) and
perpendicular to the flow direction (y), and thus that at each position the
heat incident on the specimen is all convected into the fluid.

The heat transfer coefficiernt, h, is defined in terms of the temperature of
the insulated wall, because that temperature was measured with the lesst
uncertainty. We desire to c(cmpare our results to the literature where h is
defined in terms of a solid-fluid interface temperature. Because the specimen
was heated from one side only and the solid thermal conductivity was finite,
specimen temperatures will vary between the heated side, the insulated side,
and the solid-fluid interface. However, because the Biot number (ratio of
wall conduction resistance to fluid convection resistance) was less than 1,
temperature variations in the s ..cimen should be much less than the
temperature difference between the wall and the fluid. A finite-element
conduction analiysis using anticipated values of the heat transfer coefficient
indicatad that the wall temperature (at the solid-fluid ‘nterface) varied from
§.5 K greater than to 9.5 K less than the insulated side temperature (for 50
W/ca? hot side heat flux and h = 6400 W/(»%-K)). This compares with a
temperature difference between the wall and bulk fluid of at least 67 K for
the same conditions. HNo attempt was made to extrapolate the measured
insulated-side temperature to a golid-fluid interface temperature.



Combining eqs (5). (6) and (7) and rearranging, we get

B - (Q/A) - £ _ 8)
(T [TH(TV)/(2¢,) 1}

The flow-directioa energy equation wis a' :d to calculate Q; (to follow). Gas
temperature T, was calculated using che ' low-direction energy equation along
wvith the furnace calibration (also ‘0 ri'low).

The total heat absorbed by the spe.im:a was calculated from the
temperatures of the gas inlet and outlet, the helium flow rate, and the gas
pressure drop. It was not necessary t¢ adjust for a heat leak to or from the
furnace, as the low temperatures o* the: t 2flective furnace made the term
negligible. In our previous work with tl = tube specimen, the heat leak was 2
to 5% (Olson and Glover, 1990).

QG = a(hy-h,), (9)

where h = enthalpy;
A = location in Inlet manifold of PRT;
B = location in outlet manifolc of PRT.

Ve neglected kinetic energy changes from A to B because they were
insignificant compared to the uncerta! aties of the temperature measurement.
The change in enthalpy is given by

hy-hy = ¢, (Ty-T) + j: [(1-BT)/, 1de, (10)

vhere § = coefficient of thermal expansion.

The specific heat is constant for helium for the range of conditions tested.
The pressure term was included to account for the slight divergence from the
ideal gas state for helium at these temperatures ard pressures. The pressure
at A and B is estimated by assuming a linear drop along the specimen and
extrapolating the pressure from 0 ard 1. This assumption introduces less than
0.1% error in Q;. The integral was evaluated using tie virial equation of
state for the gas (McCsrty, 1973). Combining eqs (9) .nd (10) yields for Q:

& - i+ (ey (110 + [ [L-pTI/p)GR). (1

The fluid temperature, T,, was calculat ‘d by integrating the f -w energy
equation from the inlet manifold up to *“e lccation of interest (d.. ignated as
x), now including kinetic energy:

Q'l/n'pr I:[(l’ﬂ'r)/P]dP V!Z
+

- (12)
P €p ~Cp

Tee = Tp + —
fx AT Ee



vhere Q, = fraction of total heat flov on specimen added up to
position x;
= integration of furnace calibration function S 0 to x.

Since the transverse temperature measurements fo. heated experiments indicate
the flow has not split evenly into the 12 channels, we calculate a local
channel flow rate according to appendix B. The fluid temperature requires the
velocity at x, given by

Vv, - a/(Ap,). (13)
The density is given by the equation of state (McCarty, 1973) as

Px = Px(Tee.PBy). (14)
Ve assume the pressure varies linearly between 0 and 1:

P, = Py - (Py-Py)-x/L. (15)

The maximum error in T, introduced by our assumption of a linear pressure
variation is less than 0.02 K.

With eq (15) substituted into eq (12) to evaluate the pressure term, eqs
(12), (13), and (14) form a system of three equations in the unknowns of
temperature, velocity, and density. They were solved through iteration.

With T, and V determined at location x, the heat transfer coefficient was
calculated using eq (8). The Nusselt number, Prandtl number, and Reynolds
number were then calculated, with the transport properties evaluated at the
bulk fluid temperature, T,:

Nu = h-Dy/k,
Pr = p-c/k. (16)

Transport properties were calculated from the functions given in McCarty
(1972). The Nu, Pr, and Re performance parameters assume constant fluid
properties at the location x. Due ton the large wall-to-fiuid temperature
difference, viscosity and thermal conductivity varied between the wall and the
fluid (variation was as much as 26% for the lowest helium flow in experiment
8). Ve used the temperature ratio method of Rohsenow and Hartnett (1973) to
correlate the data by calculating:

Ny, = Nu-(T,/T,)°35. (17)

Nu, was then correlated with Re.
3.4 Uncertainty analysis
Uncertainties for the calculated quantities were obtained by Taylor-series
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error propiration as described by ASME (1986) This technique generally
produces the same level of confldence in a calculated result as the level of
confidence in the measurements which contribute to the result (Kline and
McClintock, 1953). A summary of the uncertainties in the data analysis
parameters and in the calculated quantities is listed in table 4. Actual
values at the experimental points are included in table 3. The largest
contrinutor to the uncertainties in T,, h, and Nu wvas the flow distribution
uncer_ainty (that {s, whether or not the flow had split evenly into the 12
channels), particularly near the exit of the channels. Due to the approximate
nature of deteraining the channel-to-channel flow distribution (appendix B),
we assume there is still an uncertainty of 5% after the adjustment is made.

4. Results of experiments
4.1 Friction factor

Experiments 1 and 2 {no heating) wev-e conducted to determine the variation
of the friction factor with Reynolds number (eq 3). Figure 5 shows the
variation in f with Re along with a least-squares correlation of the data (for
Re > 5000). We have adjusted the flowrate in the channel where the pressure
taps wvere located, according to the method described in appendix B. There was
no dependence of f on the pressure level. We show the Karman-Nikuradse
relation for fully developed turbulent flow in a smooth tube, which according
to Hartnett et al. (1962) is applicable t> turbulent flow in rectangular
channels. We also show the correlation for the results from the tube specimen
(Olson and Glover, 1990). These channel specimen data are correlated with

f = 0.05058-Re™0-3397 (18)

The standard deviation of the difference bhetween the measured and correlated
values is 1.26s8. The points for Re < 5000 were not includad in the
correlation because the flow was either laminar or transitional.

Our measured vaiues for f were about 27-30% lower than those of the
accepted smooth-tube ccrrelation. The estimated uncertainty in the measured
friction factor was 17-18% for Re > 4000. Below Re = 4000 the uncertainty
increased due to the small pressure drop and large relative uncertainty of the
pressure measurement. The are several possible explanations why our data is
lower than the accepted correlation. The uncertainty analysis indicates that
f « h.%; hence the uncertainty in f is proportional to 3 times the uncertainty
in h,. Without sectioning the channel specimen and rendering it unusable for
futuce tests, it was not possible to measure the channel hefght after the
specimen was brazed together. We have assumed an uncertainty in h, of 0.025
me; if h, was larger by twice the uncertainty, then f would be 27-30% greater.

Although a greater channel height could explain the discrepancy in f,
it is more likely f is in error due to the ”shortness” of the specimen from a
measurement point of view. For the channel, L/D, = 160, and 4fL/D, = 3. The
dynamic head, pV%/2, is 23-36% of the total pressure drop. If there vere a
slight burr or protrusion of the pressure tap tube into the channel, the
measured pressure could easily be shifted by one or more times the dynamic
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head. This would explain the difference between our measured f and the
accepted value. For an accurate measurement of f, we would like 4fL/D, >> 1.
The uncertainty in £ due to the large relative dynamic head was not included
in the uncertainty analysis.

Another possible explanation for our discrepancy in f is that we have
neglected an entrance length in calculating £. Hartnett et al. (1962) show
that for turbulent flow in a rectangular channel, the entrance length is about
20 hydraulic diameters. In that region, £ is actually less than the fully
developed £f. Including this effect in rur data analysis would tend to
increase our predicted f in the fully developed region (L/D, > 20).

We used the friction factor correlation developed for the tests without
heat transfer to predict the pressure drop when the specimen was heated.
Figute 6 compares the error between the predicted pressure drop and the
messured pressure drop, plotted as a function of helium flow rate. For low
flos rates with Re < 2000, the laminar correlation of Rohsenow and Hartnett
(1973) was used for £. The error is less than 10% for most of the pcints, and
is evenly scattered about the 0% line. This is within the uncertainty of the
measured friction factor.

4.2 Temperature distributions and heat transfer

In experiments 3 to 9 we heated the channel specimen to determine the heat
transfer perforaance. A typical plot of temperatures in the helium gas and
along the specimen is shown in figure 7. The data are from the lowest flow
rate of experiment 8, which corresponded to the largest inlet-to-outlet
temperature rise in the helium. The measured specimen temperatures along the
y centerline (y/W = 0.08 for the hot side, y/W = -0.04 for the insulated
side), are shown from the inlet to the outlet. The calculated gas temperature
is also plotted (eq 12) for the locations of an insulated-side thermocouple.
The gas temperature increased approximately linearly from the inlet to the
outlet. The heated-side temperatures were 38-44 K higher than the insulated-
side temperatures over most of the specimen. Specimen temperatures on both
sides increased steadily from the inlet to the outlet, except that the
temperature decreased near the outlet.

The temperature differenc- between the heated and insulated sides
correlates well with the = :ident normal heat flux. As the heat flux
increases, the above tem; ratu difference increases almost linearly. Higher
helium flow reduces the tempera. :re difference, because higher flows reduce
specimen temperatures and therefore increase the nickel thermal conductivity.
Compared to the tube specimen tested previously (Olson aad Glover, 1990), this
temperature difference was about 4 times greater for the same heat flux. The
material thicknress between the coolant channel and the heated surface was 3.8
times greater for the channel . )ecimen, which produced the larger temperature
difference.

Because the temperature increased from the inlet to the outlet, other fluid
properties changed significantly also. Both thermal conductivity and dynamic
viscosity increase with temperature, so they increased from the inlet to the
outlet. Fluid density decreased from the inlet to the outlet, due primarily
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to the temperature increase but also to the pressure drop. Because density
decreased, fiuid velocity increased from the inlet to the outlet; for ths
conditions skown in the figure, the specimen inlet velocity was 18 m/s and the
specimen outlet velocity was 38 a/s.

Temperatures at locations perpendicular to the flow direction (y-variation)
for the conditions of figure 7 are shown in figure 8. Here, at each x-
location we have plotred temperature on the insulated side as a function of y-
position. Temperatures were lowest near the middle of the specimen, and
highest near both outer edges. The tempzrature at x/L = 0.5 and y/W =~ 0.44
was 67 K higher than the temperature at x/L = 0.5 and y/W = -0.04. We believe
maldistribution of flow (flow in the center channels greater than the flow in
tne outer channels) was the most likely cause of these variations in
temperature. If the flow in a channel were less than the average, the fluid
would heat up more as it flowed down the specimen. Also, the lower fluid
velocity would produce a smaller heat transfer coefficient, and the wall-to-
fluid temperature difference would have to be greater to accommodate the heat
flux. These two effects would cause higher wall temperatures for regions with
flow lower than average; similarly, .egions with flow higher than average
would have lower wall temperatures.

Table 5 lists the results for the analysis which calculates the channel
flow rate based on the measured wall temperatures. For the experiment shown
in figure 8, we predict the helium flcw ia the middle channels is 7.3% greater
than the average, while the helium fiow in the outer channels is 8.2% less
than the average (y/W = 0.363 to 0.500). The outer channels likely have lower
helium flow due to the partial blockage of the channels shown in figure 4.
Anomalies in the inlet and outlet manifolds could also cause non-uniform flow.
The analysis to determine the flow distribution also indicated that flow
maldistribution increased with mass flow, which is consistent with the non-
linearity orf pressure drop vs flow rate. The relative helium flow in the
middle channel ranged from 3.2% above the average for low flow, experiment 3,
to 11.8% above average for high flow, experiment 6. The lowest relative flow
was 19.0% below average for the outer channel in experiment 6 with a high
average flow. If we had not used the wall temperature measurements to adjust
for the channel flow, the gas temperatures would be calculated incorrectly,
which would propagate as an error to both Re and Nu. For example, for no flow
adjustment, in the center channel of the specimen T, and Nu would be too high,
and Ke would be too low.

In figure 9 we show the heat transfer coefficient and wall-to-fluid
temperature differenc: for the same conditions as chose for figure 7
(experiment 8, 13.8 xg/h helium flow). Shown are points along y/W =-0.04,
from the inlet to the outlet. h was calculated directly from the temperature
difference, with the appropriate heat flux (eq 8); to first order the trends
in T,-T; and h are mirrored. The temperature difference increases over the
first 60% of the specimen and decreases over the last 40%, with the largest
percentage change near the furnace end walls (x/L - O and 1). We believe the
cause of the drop-off near the end walls was heeat conduction through the
specimen wall to the inlet and outlet manifolds. The temperatires of the
manifolds were the same as the inlet and outlet gas temperatures, which were
lower than the specimen wall temperature at x/L = 0 and 1. We estimated the
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effect of wall conduction using a l-dimensional model of the specimen as a
*fin" (Rohsenow and Choi, 1¥61) assuming: (1) constant heat flux from 0 < x/L
< 1 with zero heat flux for x/L < 0 and x/L > 1; (2) constant fluid
temperature for x/L < 0, increasing linearly from 0 < x/L 5 1, and constant
for x/L > 1; and (3) constant heat transfer coefficient. The results showed
that in the initial 20% and final 208 of the heated zone for this specimen,
wall temperatures were significantly influenced by conduction to the
manifolds. In these regions, h and therefore Nu cannot be calculated from eq
(8), because the amount of heat convected into the fluid was not the same as
that incident on the specimen.

Figure 10 shows the variation of Re, Nu,, and Nu with x for the same
experimental conditions as above. We have plotted Nu and Nu, along the entire
heated length, although because of conduction effects the values are accurate
only for 0.2 < x/L < 0.8. The Reynolds number decreased from the inlet to the
outlet, due to the increase in viscosity caused by the temperature increase.
Nu and Nu, also decreased from the inlet to the outlet, within the 0.2 < x/L <
0.8 region of accuracy. Nu, was 14-20% higher than Nu for experiment 8.

The trends in temperature distributions, Re, and Nu with position did not
change qualitatively for the other helium flow rates for experiment 8, nor did
they change for the other heat flux rates tested. Figures 7 to 10 are
representative of the variations for all runs.

Figure 11 shows the modified Nusselt number plotted against the Reynolds
number for all experiments for data points at y/W = -0.04 and 0.2 < x/L < 0.8,
Also plotted is a correlation from the literature for fully developed
turbulent flow in circular tubes (Rohsenow and Hartmett, 1973), along with the
correlation for the tube specimen (Olson and Glover, 1990).

Rohsenow and Hartnett (1973): Nu = 0.022.Re%-8.py9%-6, (19)
Olson and Glover (1990): Nu = 0.0420-Re%-7383.pr0.%, (20)

Rohsenow and Hartnett (1973) recommend using the cirzular tube correlation for
turbulent flow in rectangular channels, with the appropriate hydraulic
diameter. The data scatter for past investigators about the correlation curve
is often +30% (e.g., see Ede, 1961). We have shown the correlation f{or our
data for Re > 10 000, which is the fully turbulent region. This is

Nu,= 0.0298-Re®-7"%*.pr0-6, (2D

or in terms of Nu,
Nu = 0.0298-Re®-7885.pr0.8. (T /7,)79-3%, (22)

The standard deviation between our data and correlat‘on is 2.6% (Re > 10 000).
We have assumed a 0.6 power variation on Pr, and the leading coefficient was
calculated based on that variation. The Prandtl number was 0.662 to 0.666.
The Reynolds number power and the leading coefficient were calculated from a
least-squares fit.

Our data agreed very well with the past correlations, when we accounted for
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the effect of variable properties in the temperature ratio as suggested by
Rohsenow and Hartnett (1973). The temperatvre ratio for these experiments
varied from 1.06 to 1.41, producing a difference between Nu and Nu, of 3% to
21s (Nu, being higher). Without accounting for the effect of variable
properties in the temperature ratio, our data fell below the accepted
correlations by 20% at the highest temperature ratio. The uncertainty in the
measured Nu and Nu, was 7.68% to 13.8%; the lower uncertainties occurred closer
to the inlet, and the higher uncertainties occurred closer to the outlet (due
to the contribution from the uncertainty in flow distribution). Nu,
calculated from the channel specimen correlation is 7.3% lower than Nu,
calculated from the tube specimen correlation at Re = 10 000, and 4.3% lower
at Re = 30 000. However, datua for the tube specimen was not adjusted for the
effects of flow maldistribution as was the channel specimen data. We estimate
Nu and Nu, for the tube specimen would be about 4% lower if flow
maldistribution were included. The two correlations therefore agree to within
the uncertainty band, and both agree with the accepted smooth-tube correlation
within the uncertainty band.

5. Summary and conclusions

We have constructed a thin, compact heat exchanger specimen consisting of
parallel rectangular channels in a base plate with a cover plate brazed to it.
The specimen was made of commercially pure nickel. The specimen was tested in
an apparatus which radiatively heated it on one side at a heat flux of up to
77 W/cm?* (68 Btu/(s-ftz)), and cooled the specimen with helium gas at 3.5 to
7.0 MPa (500 to 1000 psi) and Re of 1400 to 28 000. Helium gas temperatures
ranged from 291 K (64°F) to 710 K (818°F); the peak specimen temperature was
784 K (951°F). Measurements showed the friction factor of the channel
specimen was lower than that of a circular tube with fully developed turbulent
flow. The discrepancy is attributed to measurement errors arising from the
high ratio of dynamic head to frictional pressure drop of the specimen, and to
neglecting the entrance region. The measured Nusselt number, when modified to
account for the effects of variable properties, agreed with past correlations
for fully developed turbulient flow in circular tubes. It also agreed within
experimental uncertair’y with the Nusselt number for a tube specimen tested
earlier. At thesc temperatures and pressures, there were no unusual effects
due to using helium as a heat transfer fluid. Conduction to the end manifolds
was important in the first 20% and last 20% of the heated portion of the
specimen. The flow in the outer channels was as much as 19% lower than the
average flow in the specimen. We anticipate that a specimen which is
optimized for heat transfer performance, by making the channels smaller in
height and width, would produce a higher pressure drop and also more evenly
distributed flow, assuming the brazing operation did not occlude the channels.

15



6. References

ASME, 1986, “ASME Performance Test Codes Supplement on Instruments and
Apparatus - Part 1 - Measurement Uncertainty," ANSI/ASME PTC 19.1-1985.

Ede, A. J., 1961, "The Heat Transfer Ccefficient for Flow in a Pipe,' Int. J.
of Heat Mass Trcnsfex, Vol. 4, pp. 105-.10.

Hartnett, J. P., Koh, J. C. Y., and McComas, S. T., 1962, "A Comparison of
Predicted and Measured Friction Factors for Turbulent Flow Through Rectangular

Ducts,” J, of Heat Trausfer, Vol. 84, pp. 82-88.

Kline, S. J., and McClintock, F. A., 1953, "Describing Uncertainties in
Single-Sample Experiments," Mechanical Engineering, Vol. 75, pp. 3-8.

McCarty, R. D., 1972, "Thermophysical Properties of Helium-4 from 2 to 1500 K
with Pressures to 1000 Atmospheres,” NBS-IN-631.

McCarty, R. D., 1973, "Thermodynamic Properties of Helium 4 from 2 to 1500 K
at Pressures to 10 Pa," J, Phys, Chem, Ref, Data, Vol. 2, no. 4, pp. 923-
1042.

Olson, D. A., 1989, "Apparatus for Measuring High-Flux Heat Transfer in
Radiatively Heated Compact Exchangers," NISTIR 89-3926.

Olson, D. A., and Glover, M. P., 1990, "Heat Transfer in a Compact Tubular
Heat Exchanger With Helium Gas at 3.5 MPa," NISTIR 3941.

Rohsenow, W. M., and Choi, H., 1961, Heat, Mass, and Momentum Transfer,
Prentice-Hall, Inc., Englewood Cliffs.

Rohsenow, W. M., and Hartnett, J. P., 1973, Handbook of Heat Transfer, McGraw-
Hill, Inc., New York.

Scotti, S. J., Martin. C. J., and Lucas, S. H., 1988, "Active Cooling Design
for Scranjet Engines Using Optimization Methods," NASA TM-100581.

Shore, C. P., 1986, "Review of Convectively Cooled Structures for Hypersonic

Flight,” NASA TM-87740.

16



Appendices
A. Heat flux distribution in reflective furnace

A new fuircace was installed in the flow apparatus for the experiments on
the channel specimen. This furnace had reflective aluminum walls which were
wvater-cooled. The heat flux distribution from the furnace on the target area
occupied by the specimen was calibrated using the same procedure described in
Ol:on (1989). In this method, a calibration specimen was placed in the
furnace target area. This specimen was a water-cooled copper plate wich 3
heat flow meters (1.59 cm by 1.59 cm) soldered to it. With the infrared lamps
at steady heating, the calibration specimen with the heat flow meters was
traversed over the target area, and the relative heat flow through the meters
was measured.

The data were analyzed to convert the measured heat flow to a heat flux
function. This function, f;, is defined such that when multiplied by the
total incident heat flow and divided by the normal area, it gives the local
normal heat flux. Or,

Qy = quT/An (A.1)

The method for determining fq are described in Olson (1989) and will not be
repeated here. The method assumes that the heat flux from the furnace is not
dependent on the specimen which is placed in the apparatus.

Calibration experiments were performed at furnace voltage settings of
21.0%, 35.5%, 50.5%, 62.7%, and again at 36.0% of full scale. Except close to
the furnace end walls (x/L = 0 and x/L = 1), the meter heat flow, normalized
by the heat flow at x/L = 0.5, is very similar to the calibratien function
Therefore examining the raw data indicates very accurately the furnace
performance. Figure A.l shows the normalized meter heat flow as a function of
x/L for a furnace voltage of 36%. This is a scan at y/W = 0.12. x/L is the
coordinate of the center of the meter. Because of the finite width of the
meter, it begins to be shaded by the furnace walls when it is closer than x/L
= 0.052 from the furnace walls (shown as ti ¢ dashed line on the figure).

There are minima in the heat flow near x/L = 0.21 and x/L = 0.79. The heat
flow reaches maxima at x/L = 0,08, 0.50, and 0.92. The distribution is
symmetric about the location x/L = 0.5. This distribution with x/L was the
same for all heating levels tested. The previous furnace, which had
refractory walls, had a symmetric distribution below 29% of full scale
voltage, and an asymmetric distribution above 29% of full scale voltage. For
the new reflective furnace, there was no variation in heat flux in the y
direction.

The uncertainty in the heat flux distribution is #4%; the major source of
uncertainty is the heat flow meter uncectainty.
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R Method of calculating flow distribution in specimen

For experiments where the specimen is heated, we found wall temperatures to
vary in the y-direction, perpendicular to the helium flow. If the heat flux
were constant over the specimen and the flow in each channel were the same,
the temperatures should not vary in the y direction. ince we know from the
furnace calibration that heat flux is no* a function of y, it is most likely
that the flow varies from channel *o channel. The x-ray (fig. 4) <= the
assembled specimen shows regions of partial flow blockage which could
contribute to the non-uniform flow. To caleculate fluid temperatures we need
to know the flow per channel, and assuming uniform flow will produce errors in
Re and Nu. It is likely that the non-uriform channel flow also exists when
the specimen is unheated, so assuming uniform flow will also produce an error
in £.

We calculate a channel flow distribution by assuming the wall temperature
vaciations in the y directiun are due solely to variations in flow per
chanmel. We r-~glect solid conduction in t" ¢ y-direction, which is less than
3% or the incident heat flux in the worst case. We use the wall temperature
measurements at x/L = 0.5, because these probes extend furthest in the + and -
y directions; there were 5 probes at this location. The identity for the wall
temperature at x and y is

wa,y - Te + (Tk,y-TO) + (Tn,y"r{x,y)' (B.l)

The first term in parentheses on the right hand side is the temperature
difference due to enthalpy rise of the fluid, while the second term is the
temperature difference due to local heat transfer from the solic to the fluid.

We now define an "“average" fluid temperature as the temperiture of the

fiuid if the helium flow were equal in each channel. The actual channel fluid
temperature and helium flow can be related to the average through the aquation

M.Cp(Ter,y-To) = (m/n)c,(Tey ave-To) - (B.2)
Each side of the equation is obtained by setting it equal o the heat flux
edded by the furnace up to x. We have canceled out the kinetic energy term

and the term due to deviations from the non-ideal gas, as both are small and
insignificant in making the flow rate adjustment. Rearranging we get

(Tex,y-To) = (8/0)/ (i) * (Tgy ava-To) - (B.3)

To find the wall-to-fluid temperature difference, wa write the local heat
transfer equation

wa,y'anx,y = q,/h. (B.4)

We define an "averase" wall temperature as that temperature the wal. would
attain ii the flow were uniform:

wa,nvo'anx,nvo - qw/hnvo' (B.5)
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h,,, is also the heat transfer coefficient for uniform flow. Because the heat
flux does not depend on the channel flow, BR.4 and B.5 can be corbined:

Ty Texy = (Tex.ave Tex,ave) “ (Bova/h) . (B.6)

Here we have neglected the kinetic energy term in the adiabatic wall
temperature, as variations in it due to flow non-uniformity are not
significant.

The heat transfer .ceffici:ent, h, can be related to the Nusselt number,
which is correlated with the Reynolds number and Prandtl number, by

h = k/D,-Nu = k/D,-c-Re*-PrP. (B.7)
The ratio of heat transfer coefficients is

heve/h = (Kyuo/k) - [(2/0) 7 (3:) 1% (B/Bave) - (B.8)

We have expressed Pe ir terms of the flow rate and viscosity. There are no
variations in Pr with temperature, so it cancels. The geometry (D, and A,)
cancels, since it does not depend on the flow distribution. Ncte also that
the leading coefficient on the Nu vs Re correlation cancels; we do not neeld to
know the magnitude of Nu for this ccrrection, only the exponent of variation
with Re.

We now assume a = 1. For turtulent flow in a tube, a = 0.8. Because u
increases with remperature, s Increases if m  is less than m/n, and including
the viscosity ratio in the flow ratio ef7ectively makes a > C.8. k also
increases with temperature, so inciuding it with the flow -atio would decrease
a again. Letting a = 1 greatly simplifie~ the mathematics of the calculation.
The eirror introduced in the adjusted Nu by using a = 1.0 instead of a = 0.8 is
less than 1%. Setting a =~ 1 and including the k and u ratios in with the flow
ratio, we find that

Tox,y Tex,y = (T-rr,avn’Ttx.nvo)"(ﬁ/n)/(ﬁc)' (B.9)
Substituting eqs (B.9) and (B.3) into (B.l) and simplifying, we get
. = (0/0) - (Tyx,ave~T0)/ (Tux,y-To) - (B.10)
The unknowns in this equation are T,, ,,, 2nd .. We measured the total helium
flow rate, wall temperatures at x/L = 0.5, and helium inlet temperature. A
second equation comes from integrating eq (B.10) across the specimer ir the y

direction, as the sum of all flows in the individual channels must equal the
total measured flow. Or,
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12
V= (T v To) v (B.11)

T (Tp y-Tg)
W2

The integral is approximated as a sum, using the wall temperatures measured at
5 different y/W locations for x/L = 0.5. Equation (B.1ll) is then solved for
Tux.ave 8L X/L = 0.5. The helium fiows in the channels are then solved from eq
(B.10). Because the wall temperatures are known only at five points, we split
the specimen into five regions, with the boundaries between regions at the
midpoints between the locations of the 5 temperature probes. Within each
region, the flow per channel is considered to be the same.

Since flow from one channel could not penetrate into another channel, the
fiow per channel (calculated for x/L = 0.5) is constant from x/iL = 0 to x/L =
1. We performed the distribution calculations for each flow r:-te at each heat
flux setting (except for zero haat flux). Table 5 iists the results. For
experiment 8, the flow distribution is plotted vs y/W in figure B.1. Lines
connect the points where the wall temperature is measured and the channel flow
is calculated; these are drawn for ease in seeing the trends of flow vs y/W
and do not imply continuous variation. The channel flow peaks near the center
of the specimen and is lower at the outer edges. In addition, the
maldistribution accentuates as the total flow increases. These treands were
observed for all the heat flux levels tested.

We found the flow distribution was not a function of the level of heat
flux. It is likely the same distribution was present when the heat flux was
zero, although the wall temperatures were uniform and could not be used to
calculate the distribution. To measure the friction factor, we need the flow
in the channel near the middle of specimen (where the pressure taps are
located), which exceeds @/n. We correlated m./(m/n) in the center channel vs
m using the results from experiments 3-9, then used that correlation to find
@, for the friction factor experiments. The correlation had a standard
deviation of 0.45%.

20



Table 1.

at a 95% confidence interval

Uncertainties in experimental measurements arnd gas properties

Measuresent or Major Source Magnitude of
Property Technique of Uncertainty Uncertainty
Gas Flov Rate Thermal Mass Meter Calibration | %1%
Flow Meter
Heat Flux Calitration of Heat Flow Meter i
Furnace
Gas Inlet and Platinum Resis- Radiation 0.5 K
Outlet Temperatures tance Thermometer
Gas Pressure Pressure Trans- Calibration $0.25%
ducer
Gas Differential Pressure Trans- Calibration greater of

Pressure

Specimen
Teaperature

CGas Density

Gas Enthalpy

Gas Specific Heat

Gas Viscosity

Gas Thermal
Conductivity

ducer

Type-N Thermo-
couple

Thermodynamic
Function

Thermodynamic
Function

Thermodynamic
Function

Thermodynamic
Function

Thermodynamic
Function

Wire Calibration,
Installation

Function Accuracy

Function Accuracy

Function Accuracy

Function Accuracy

Function Accuracy

+0.5% or
+137 Pa

greater of
) _4% of T(C)
or ¥1.1 K
10.1s

30.2%

5%

110%
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Table 2. Summary of geometrical parameters and experimental conditiors
for channel specimen
Nunmber of Channels =n = 20
Channel Height, h_, = 0.559 mm
Channel Width, w, = 3.175 am
Channel Hydraulic Diameter, D, = 0.9503 am
Specimen Heated Length, L = 15.24 cm
Specimen Width, W = 7.86 cm
Specimen Heated Normal Area, A, = 119.2 cnm?
Specimen Wetted Wall Area, A, = 136.6 cm®
Flow Normal A-ea, A, = 0.2129 ca?
Inlet Heater Normal Helium Reynolds
Expt. Date Pressure | Voltage Heat Flux Flow Rate Number
» (kPa) (%) (W/ca?) (kg/h)
1 7/23/90 3560 0.0 0.0 2.8-40.3 | 1800-28 00C
2 8/06/90 7250 0.0 0.0 2.4-39.9 | 1500-27 500
3 8/06/90 3450 26.1 21.3 4.1-39.8 | 1500-28 000
4 7/20/90 3580 50.0 42.6 10.2-40.0 | 4000-28 000
b} 8,/08/90 3545 75.4 60.9 13 3-40.6 | 5000-28 0GO
6 8/10/90 6950 25.3 20.3 3.8-41.C | 1400-28 000
7 8/09/90 6960 50.8 42.2 9.3-40.9 | 3500-28 000
8 8/13/90 7000 76.3 63.9 13.8-40.9 | 5100-28 000
9 8/14/90 7010 94.3 77.3 17.9 6800-12 000
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Table 3. Data :tables for ali exoeriments

Charrel Spu: oen

Saperiss at 1

Date. 23 Jui, ¥V

fime: 09:51:03
1 1 ] ] ] »0-" vt ¢ vf
[4 K (T4 \Pe kP 3 X

2.7 w2.a L 81 358t 0.73 0.00 0.00938 25.04

#ot-side T.eperatures:

X e ]

o [$3 | 4
1.588 0.69° 292.5%
2.540 ".6% 292.53
$.080 0.655 292.53
T.620 0.855 92.50

10.150 0.65% 292.49
12.700 0.65, M2.46
13.653  0.655 292.48

Insulead-Side Temperatures & 1 Calculated Data:

--Uncerteinties--
X Y Tw Tt [ ] v - 3 [ ] Wtw et Vre
= ca [ 3 K Pre a/s K [ 4 4

0.000 -0.963 292.64 292.73 3581.4 6.57 1432 0.645 1.10 0.5¢ n.27
1.270 -0.318 292.01 292.69 3581.4  6.57 1833 0.663 1.10 0.5 .27
2.527 -0.330 292.57 292.65 3581.3 6.57 433 0.685 1.¢ 0.50 1.27
3.810 -0.318 292.57 292.42 )S81.3 6.57 W33 0.685 1.10 0.50 M.27
$.000 -0.318 292.57 292.58 3581.2 6.57 1833 0.585 1.10 0.50 11.27
6.383 -0.318 292.53 292.55 3521.% 6.57 1433 0.685 1.10 0.50 11.27
7.620 -0.330 292.54 292.51 3581.1 6.77 1833 0.665 .10 0.5 .27
8.903 -0.305 292.53 292.47 3581.0 6.57 1833 0.465 1.0 0.50 11.27
10.160 -0.318 292.55 292.44 33530.9 6.56 &34 0.385 1.10 0.50 11.27
1°.430 -0.318 292.53 292.40 3580.¢ 6.56 103 0.663 1.10 0.50 .27
12,700 -0.305 292.51 292.33 3380.8 6.56 1834 0.685 1.10 0.50 1.27
13.970 -0.318 292.49 292.33 3380.8 6.56 834 O0.666 1.10 0.50 1.27
15,200 -0.953 292.44 292.29 3580.7 6.36 183 0.666 .10 0.50 11.27
2.527 -2.223 292.61 292.45 33813  6.57 W33 0.a45 1.10 050 11.27
$.000 -2.255 292.51 292.38 3381.2 4.57 &33 0.485 1.10 0.5 11.27
7.607 -2.235 292.53 292.51 3381.% 6.57 1833 0.665 1.0 0.5 11.27
10,173 -2.223 292.56 292.44 3380.9 6.56 1334 0.665 1.10 0.50 w.27
12.700 -2.223 292.52 292.36 3580.8 6.5 1834 0.665 1.10  0.50 1.27
2.540 ..197 292.57 292.65 13381.3  6.57 1833 0.665 1.0 0.50 11.27
$.080 2.223 292.56 292.58 3381.2 6.57 1833 0.665 1.10 0.5¢ 1.27
7.620 2.223 292.53 292.51 3381.% 6.57 1833 0.685 1.10 0.50 11.27
10.47 2,223 292.5¢ 292.44 3580.9 6.55 1834 0.66% 1.10 0.50 11.27
12.713  2.223 292.52 292.36 13580.8 6.56 WK 0.664 1.10 050 11.27
7.607 -3.493 292,58 292.51 3%81.1 6.57 1833 0.865 1.0 0.50 11.27
7.633  3.493 292.53 292.5* 3.0 ) 1333 0.665 1.10 0.50 11.27
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Table 3 (continued)

Charnel Soecimen

Exper imgnt 1t

fetes 23 July 1990

Time: 09:55:51
TA (] a [ 4] Q-1 v ! vt
[ 4 4 kg/n kPa Pe X b 3

203.26 292.88 6.07 ¥S?.2 2.8 0.00 0.006483 17.90

not-side Tesperatures:

X A4 T

= -] [
1.588 0.45% 293.1
2.540 D.855 293.11
$.000 0.655 293.12
7.620 0.855 293.%0
10.160  0.655 293.11
12.700  0.455 293.09
13.6453 0.653 293.08

trsulated-Side Temperatures end Calcutated Date:

--Uncertainties--
X \ ™ " [ 4 v . m Wt et re
] o K [ 4 kPra w/s [ 4 [ 4 X
0.000 -0.965 293.25 293.2¢ 3576.2 .39 3IWS 0.663 .10 0.50 1. 27
1.27C -0.3183 293.19 293.21 3575.9 .39 3906 0.865 1.10 0.50 11.27
2.527 -0.330 293.20 293.18 3375.7 14.39 396 .66 1.10 0.50 1M1.27
3.8'0 -0.318 293.18 293.15 3575.5 14.38 3996 0.643 1.10 0.5 1.27
5.080 -0.318 293.17 203.12 3575.3 16.38 3996 0.665 1.10 030 VW27
6.353 -0.318 203.16 293.09 I575.1 14.33 3997 0.685 1.10 0.50 1.27
7.620 -0.330 293.17 293.06 3574.9 14.38 3997 0.84S 1.0 050 11.27
8.903 -0.305 293.17 203.03 35M.6 14.38 3T 0.465 1.10  0.50 1.27
10.160 -0.318 293.17 293.00 33704 14.38 3998 0.86% .10 6.5 11.27
11.430 -0.318 293.15 292.97 3576.2 14.38 3998 0.665 1.10 0.5 1.7
12.700 -0.305 293.15 292.9%¢ 3574.0 .38 3998 0.665 1.16 G.%0 .27
13.970 -0.318 203.%¢ 292.91 3573.8 14.38 998 0.685 1.10 0.50 1.7
15.240 -0.953 293.1) 292.88 33573.6 14.38 39 0.665 1.0 0.0 11.27
2.527 -2.223 293.2¢ 293.18 3375.7 14.39 39% O0.685 1.10 050 V.27
5.06] -2.235 293.09 293.12 3573.3 14.48 3996 0.643 1.10 0.50 11.27
7.607 -2.235 293.19 203.06 3574.9 14.38 IN7 0.645 .10 0.50 1,27
10.173 -2.223 293.20 293.00 3574.4 14.38 3998 0.663 1.'¢ 0.50 1.27
12.700 -2.223 293.19 292.9% 3S74.0 14.38 398 C.665 1.10 0.50 11.27
2.540 2.197 293.15 293.18 3S73.7 14.39 399 0C.668 1.0 0.50 1.27
$.080 2.223 293.18 293.12 3573.3 .38 3996 0.665 t.10 0.5¢ 1.2
7.620 2.223 203.14 293.06 3374.9 14.38 3997 0.643 1.10 0.50 11.27
10,147  2.223 293.13 293.00 3374.4 14.38 3998 0.6485 1.0 0.56 1.7
12.713  2.223 203.12 29.% 357..0 14.33 3IME 0.663 1.10 0.50 11.27
T.607 -3.493 203.23 273.06 33749 14.38 3907 0.4435 1.10 0.50 11.27
T7.633  3.403 293.14 293.06 IS74.9 14.33 3997 0.665 .10 0.50 11.27
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Chanrel Specimen

Experioent )
Oete: 23 Juty 1990
Time: 10:00:48
TA ¢ L]
« [ 4 kg/h

"0
(-]

293.80 293.47 9.78 35721

®ot-side Temperatures:

b

cm
1.508
2.540
$.080
7.6
10.160
12.700
13.653

A

cn
0.655
0.655
0.655
0.655
0.455
0.655
0.655

insulated-Side

X
(=]
0.000
1.270
2.527
3.810
5.080
+.283
7.620
8.903
10. o0
11.430
12.700
13.970
15.200
2.527
5.080
T.607
10.173
12.700
2.540
$.080
7.620
10.147
12.7113
T.607
7.433

v
[ ]
-0.965
-0.313
-0.330
-0.318
-0.318
-0.318
-0.330
-0.305
-0.318
-0.318
-0.305
-0.318
-0.953
-2.28
-2.25%
-2.23%
-2.223
-2.223
2.197
2.23
2.2
2.223
.28
-3.493
3.493

Tw

[ 4
5.52
293.50
293.50
293.50
293.11
293.50
293.52

Temperatures and Calculated Date:

Tw
K
293.58
293.53
293.52
293.51
293.53
293.52
293.53
293.51%
293.53
293.52
293.%2
293.51
293.52
293.54
293..3
293.51
293.32
293.50
m Q’
295.47
847
293.46
293,67
293.54
293.46

¢
K
293.54
293.53
293.52
293.51
293.50
23.49
293.48
293.47
293.48
293.45
295.43
293. &
293.43
2/3.52
29°.50
9%.48
293.36
29343
293.52
293.50
293.48
293.48
293.45
293.48
293.48

ro-P1
e
6.3%

[ 4
(- J]
3572.1
I571.5
3571.0
5705
3570.0
3569.4
3548.9
3568.4
3567.8
3547.3
3566.8
3566.3
3565.7
Bno
35700
3%68.9
L.87.8
3566.8
sn.o
31570.0
3568.9
3567.9
3566.8
3568.9
3568.9

Table 3 (continued)

vf
b 3

v
a/s
3.48
23.48
3.48
28.49
23.49
3.4
23.49
23.50
3.50
23.50
23.50
23.51
3.5
B.48
23.49
.49
23.50

3.48
23.49
3.9
3.%0
3.5
3.4
23.49

HEEEERREEERREEEEEEEERRERE &

ut
X
0.00 0.00623 17.25

0.665
0.665
0.665
0.645
0.665
0.665
0.665
0.665
0.665
0.665
0.665
0.665
0.665
0.665
0.665
0 665
0.665
0.665
0.665
0.685
0.665
0.665
0.663
0.665
2,665

N

Y

--Uncertsinties--

Wtw
4

1.10
1.10
t.1¢
1.19
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.70
1.10
1.10
1.10
1.1
1.10
1.10

wef
4

0.50
0.30
0.50
0.50
0.50
0.50
.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.%0
0.50
0.50
0.350
0.50

Wre
X
1.7
".27
n.zz
n.7
1.27
1.2
n.2zr
n.2zr
n.2zz
n.2zr
n.2zz
.27
.27
n.zr
11.27
.27
11.27
1".27
n.ao
11.27
.27
.21
1n.27
n.27
127



Table 3 (continued)

Chanret Specimgn

Experissnt 1

bate: 23 Juty 1990

Time: 16:05:29
1a ™ L] re P0-1 vt f wf
4 [ 4 g s s 3 X

202.7% 292.9¢ 15.39 3S46.6 .41 0.00 0.0055% 17.1¢

ot- .ide Temperstures:

i \ T
- (- ] [ 4
1.508 0.6455 .72
2.3%0 0.655 ™77
$.080 0.655 202.73
7.620 0.5 292.77
10.160 0.855 2%.7%
12.700 0.655 292.7¢
13.653 .65 292.7

ingulated-Side Temperatures snd Calculated Dats:

--Uncertainties--
x v Tw T ’ v . 3 " Wtw  uef ure
- ] o [ 4 [ 4 e s K ¢ }

0.000 -0.965 292.77 292.63 3566.6 37.40 10395 0.685 1.0 0.50 1.27
1.270 -0.318 292.71 292.64 3545.4 37.41 1030 0.645 1.1 0.50 11.27
2.527 -0.330 292.71 292.66 3564.2 37.42 1039 0.5 1.10 0.50 N.2Z7
3.810 -0.318 292.74 292.67 3563.0 37.44 1039 0.665 .18 0.50 1.27
$.000 -0.318 292.73 292.68 3561.8 37.45 10393 0.665 1.10 0.50 11.27
6.363 -0.318 292.72 202.70 3560.6 37.47 10393 0.645 1.0 0.50 11.27
7.626 -0.330 292.73 292.71 I550.4 3743 103 0.665 .10 0.50 1.7
8.903 -0.305 292.76 292.73 3556.2 37.50 10393 0.665 1.10 0.50 11.27
10,160 -0.318 292.7% 292.7¢ 3357.0 37.51 10392 0.665 1.10 0.50 11.27
11.430 -0.318 292.73 292.75 3355.8 37.53 10392 0.665 1.0 0.50 11.27
12.700 -0.305 292.73 292.77 3554.6 37.54 10392 0.665 .10 0.50 11.27
13.970 -0.313 292.75 292.78 3353.4 37.55 10391 0.665 1.10 0.50 1.27
15.240 -0.95% 292.71 292.79 135352.2 37.57 10391 0.665 1.10  0.50 11.27
2.527 -2.223 292.67 292.66 3564.2 37.42 10394 0.665 1.10 0.50 %11.27
5.080 -2.235 292.73 2R.68 3561.8 37.45 10393 0.665 1.0 0.50 .27
7.407 -2.235 2902.71 92.71 3¥559.4 37.48 10393 0.665 1.10  0.50 11.27
10.173 -2.225 292.70 292.7¢ 3557.0 37.51 10392 0.665 1.10 0.50 11.27
12.700 -2.223 292.67 292.77 3354.6 37.54 10392 0.665 1.10 0.50 1.7
2.540 2.197 292.68 292.66 3564.2 37.43 1039¢ 0.665 1.0 0.50 1.27
5.000 2.223 292.72 292.68 3361.8 37.4S 10393 0.665 V.10 050 11.27
7.620 2.223 292.67 292.TV 3559.4 37.48 10393 0.445 1.10 0.50 11.27
10.147  2.223 292.70 292.74 3557.0 37.51 10392 0.665 1.10 0.50 N.27
12.2:3  2.223 292.69 292.77 3354.6 37.54 106392 0.665 1.10 0.50 11.27
7.607 -3.493 292.65 292.71 3359.4 37.48 10393 0.665 1.10 0.50 11.27
7.633  3.493 292.67 292.71 3559.4 37.48 10393 0.865 1.10 0.50 11.27
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Channel Specisen
Experiment 1
Date: 23 July 1990
Time: 10:00:54

TA
K

=
K

292.06 29z.21

"
xorh
20.17

dot-sioe Temperatures:

x

=]
1.588
2.540
5.080
7.2
10.160
12.700
13.653

A4

ca
0.45%
0.655
0.655
0.45%
0.65%
0.655
0.655

Insulated-Side

X
(=]
0.000
1.20
2.527
3.810
5.080
6.363
7.620
8.903
10.180
11,436
12.700
13.970
15.240
2.%27
5.080
7.407
101473
12.700
2.540
5.080
7.620
10.147
12.13
7.607
7.633

A
=]
-0.965
-0.318
-0.33%0
-¢.318
-0.318
-0.318
-0.330
-0.305
-0.318
-0.318
-0.305
-0.318
-0.953
-2.23
-2.235
-2.23%
-2.223
-2.23

2.197
2.223
2.223
2.223
2.223
-3.493
3.493

™

| 4
292.06
292.08
292.12
222.10
292.11
w.n
2.1

Temperatures and Calculated Data:

Tw
K
92.11
292.08
292.08
292.09
292.10
292.07
292.09
292.10
292.09
292.08
292.09
292.10
292.07
292.08
92.1%
292.08
292.08
292.08
292.09
292.10
292.07
292.06
292.11
292.05
292.10

3561.1

"

K
291.83
291.8
291.88
291,06
291.88
291.89
291.90
n.Nn
291.92
291.93
291.9¢
291.95
291.96
291.85
291.88
291.90
291.92
291.94
291.83
291.88
291.90
291.92
291.96
291.90
291.90

r0-PY
e
3.59

P
kPa
3561.1
3559.1
3587.2
3555.2
3553.2
3551.2
3549.3
3547.3
3545.4
3543.4
3541.4
3539.5
3537.5
3557.2
3553.2
3549.3
3545.3
3541.4
3557.1
3583.2
3549.3
3545.4
3541.4
3549.3
3549.3

Table 3 (continued)

vt
X
0.01

v
a/s
4944
49.47
49.50
£9.53
49.56
49.59
49.62
49.64
£9.67
9.70
£9.73
4£9.76
9.7
£9.50
49.56
49.62
£9.67
49.73
49.50
49.56
49.62
49.467
49.73
49.82
49.62

27

f uf

b 3

0.0G6$17 17.13
--Uncertainties--
RE [ ] Vtw  wtf \re

X [ } 3

13783 0.664 1.1 0.50 11.27
13783 0.664 110 J3.50 11.27
13783 0.664 1.10 0.50 N.27
13783 G.604 1.10  0.50 11.27
13782 0.664 1.10 0.50 ".27
13782 0.685 1.10  0.50 11.27
13702 0.885 1.1C 0.50 N1.27
13781 0.868 1.10 0.50 11.27
13781 0.668 1.10 0.50 t1.27
13781 0.6485 1.10  0.50 11.27
13780 0.465 1.0 0.50 11.27
13780 0.66% 1.10  0.50 11.27
13780 0.4665 1.0 0.50 11.27
13783 0.664 1.0 0.50 11.27
13782 0.664 1.10 0.50 11.27
13782 0.665 1.10  0.50 11.27
13781 0.468 1.0 0.50 11.27
13780 0.665 1.10 0.50 11.27
13783 0.664 1.10 0.50 11.27
13782 0.664 .10 0.50 11.27
13782 0.685 1.10 0.50 1N1.27
13781 0.665 1.10 0.50 1.27
13780 0.66% 1.10  0.50 11,27
13782 0.665 1.10 0.50 11.27
13782 0.685 1.10 0.50 .27



Channel Specimen

Experiment 1
Oate: 23 July 1990
Time: 10:14:27
TA ™ n
4 [ 4

(]

[ 2 4)

ke/h P kPa
291.81 21,92 24.92 ISH.3 WU

Hot-side Temperatures:

) §

(-]
1.588
2.540
5.080
7.620
10.160
12.700
13.653

\

(-]
0.655
0.455
0.655
0.453
0.653
0.453
0.653

insulated-Side

X
om
0.000
1.27
2.527
3.810
5.080
6.343
7.620
8.903
10.180
11.430
12.700
13.970
15.240
2.527
5.080
r.607
10.173
12,700
2.540
5.080
7.620
10. 147
12.73
7.607
7.633

4
]

-0.965
-6.318
-0.330
-0.318
-0.318
-0.318
-0.330
-0.30%
-0.318
-0.318
-0.305
-0.318
-0.953
-2.23
-2.233
-2.25%
-2.28
-2.283

2.197

2.23

225

2.223

2.223
-3.493

3.493

Tw

[ 4
w0
m.»
m.s
.0
2.8
2.
29%.81

Tw
[ 4
291.86
’.82
291.%
291.%
”.R
291.8%
.8
n.n
291.82
.
.83
2.5
1.8
.%
.87
291.8
.50
291.83
n.o8
2.8
91.82
291.83
291.85
291.80
291.87

"

K
201.4%
291.46
291.46
21.67
291.48
291.49
291.49
291.50
291.51
291.52
291.53
291.53
291.54
291.46
291.48
2N.69
291.51
291.53
1.4
291.48
21.49
291.51
291.53
291.49
291.49

[ ]
kPe
35.3
3551.4
3548.5
3545.6
3542.7
3539.8
3535.9
35%.0
3531.1
35208.2
3535.3
3522.4
3519.5
3548.5
3542.7
3536.9
33340
3525.3
3548.5
3542.7
3536.9
3531.1
3525.3
3536.9
3536.9

Table 3 (continued)

vt
X

Temperstures and Calculated Data:

v
/s
61.81
61.66
61.n
61.76
61.81
61.87
61.92
6:.97
62.02
62.07
62.12
82.17
62.23
61.n
61.81
61.92
62.02
62.12
an
61.81
61.92
62.02
62.12
61.92
61.92

17100
17180
mr
mn»
mrn
m»
mnr»
mnn
mn
nn
mnn
mnrs
mn
mn
nn
mnr»
mn
mnn
mn»
nn
mr
bat, )
mnr
mn
nm

uf

2
0.00 0.00689 17.13

0.664
0.654
0.664
0.664
0.664
0.664
0.664
0.664
0.663
0.665
0.665
0.665
0.665
0.664
0.664
0.664
0.665
0.665
0.664
0.664
0.664
0.665
0.665
0.654
0.664

-~Uncertsinties--

Wtw
K

1.10
1.10
1.10
1.10
1.10
1.19
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10

28

uef
4

0.50
0.50
0.50
0.50
0.50
9.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50

ure
3
n.zr
1n.2zz
1"n.27
"o
n.aa
"
1"
n.zzo
n.2zz
1ner
n.z
n.er
nazaw
1m.27
1.2z
n.z
"
"7
n.a
n.zr
".27
127
n.2zr
1127
n.zz



Channgl Specimen

€xperimsnt 1
Cate: 23 July 1990
Timg: 10:18:44
A 7 L]
| 4 K

0-p1

kg/h kP e
291.64 291.75 30.62 3%%4.0 S1.14

Hot-side Temperatures:

X

=
1.588
2.540
5.080
7.620
10.160
12.700
13.653

Y

on
0.653
0.655
0.655
0.65%
0.455
0.655
0.63%

Insulated-Side

X
[- ]
0.000
1.270
2.527
3.810
5.080
6.363
7.620
8.903
10.160
11.430
12.700
13.970
15.260
.57
5.080
T.607
10.173
12,700
2.540
$.080
7.620
10,147
12.713
7.607
7.633

\J
ca
-0.965
-0.318
-0.330
-0.318
-0.318
-0.318
-0.330
-0.305
-0.318
-0.318
+0.305
-0.318
-0.953
-2.23
2.8
-2.235
-2.283
2.3

2.197
.3
.23
.3
.23
~3.493
3.493

L]

K
;.6
1.6
9.60
.8
291.63
.64
291.67

Temperastures and Calculated Dats:

™

K
29.68
291.63
291.6Y
291.66
1.6
291.64
291.63
291.64
1.8
291.63
291.64

291.66
m.a
291.7%
201,85
NG
29 .03
29145
P AN LS
2146
.6
291.68
¥1.65
291.65

T
[ 4

291.08
291.09
o21.09
;.10
291.11
291.11
291,12
291.13
291,16
291,14
.18
291,16
291.16
291.03
o
P~ Rt
29114
291,95
b+ N
I
w2
Foi iRt
1.
21,7
2’112

[ 4

kPe
3544.0
nw.7
3538.5
3531.2
3527.0
»B2.7
3518.4
38141
3509.9
3505.7
3501.4
%97.1
9.9
33535.5
B
3518.4
»Bm.e
3300 .4
oy

e §
b |
FHLUAR Y
383

7°8.%

255,46

Table 3 (continued)

ve
3

0.00 0.00466 17.13

v
wa
76.38
76.47
76.58
76.65
76.75
76.04
76.93
77.03
m.2
.21
.31
.40
7.5
n.36
76.7%
76.95
R

1)

Ta TS
76.93
7.2
7.3
76.93
76.93

t

21282
21282
21282
21282
21|
21281
21281
21281
21281
21281
21280
21200
21285
na8
(1282
21281
21281
.7
2”202
[ar- >
21281
2128
21200
21281
an2

ut
X

0.664
0.664
0.664
0.664
0.664
0.664
0.684
0.684
0.665
0.685
0.665
0.64%
0.445
0.664
0.664
0.664
0.645
0.665
0.664
0.664
0.564
0.665
0.66%
0.664
0.664
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--Uncertainties--

Wtw
«

1.10
1.10
1.18
1.10
1.10
1.10
1.10
1.10
1.10
1.0
1.10
1.10
1.10
1.10
1.10
1.10
1.10
$.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10

et
K

0.51
0.51
0.5
0.51
6.51
0.51
0.5
0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.5t
0.51
8.51
0.51
0.51
0.51
0.51
0.5t
0.51
0.51
0.51

Vre
X
1n.27
n.2z
1.27
"z
n.zz
n.2zz
1".27
1".27
11.27
1.27
11.27
11.27
n.z2z
1.27
1.7
1n.2r
ner
1n.27
1.27
n.27
1.2y
1n.2z7
14.27
1.27
1.27



Channel Spacimen

Experiment 1
Date: 23 July 1990
Time: 10:23:06
TA ™ ]
X 3 kg/h

"0-r
e

201.46 291,61 40.31 35M.9 86.53

Hot-side Temperatures:

x
[}
1.588
2.540
5.080
7.620
10.160
12.700
13.653

Y

cm
0.655
0.65%
0.655
0.655
0.655
0.453
0.¢55

Insulated-Side

cm
0.000
1.2710
2.527
3.810
5.080
6.363
7.620
, 8.903
10.160
11.430
12.700
13.970
15.240
2.527
$.080
7.607
10.173
12.700
2.540
$.080
7.620
10.147
12.713
7.607
7.633

\
-]

-0.965
-0.318
-0.330
-0.318
-0.318
-0.318
-0.330
-0.305
-0.318
-0.318
+0.30%
-0.318
-0.953
-2.283
-2.258
-2.535
-2.283
.23

2.197

2.3

.23

.28

.23
-3.493

3.493

Tv

K
m.n
;.4
;.4
®.42
.8
21.44
91.46

Tespsratures end Calculated Data:

™
K
21,46
N0
m.e2
1.4
291.41
;m.e2
.42
291.44
oM. 3
.63
M3
291.48
2148
m.ea3
;M.
.44
.43
1.6
29.43
21.43
.4
291.4%
$1.43
91.43
291.42

"

K
290.48
290.48
290.49
290.50
290.51
290.51
290.32
290.52
200.53
290.54
290.54
290.55
290.56
290.49
290.31
290,52
90.53
290.54
290.49
290.51
290.%2
9,53
290.54
290.52
290.52

[ 4
kPe
33526.9
sy
3310.6
33503.3
3496.1
3408.8
a7
744
3467.2
3460.0
4352.8
3445.4
3438.4
3310.6
3496.1
3481.7
3467.2
3452.8
33510.5
3496.1
8.7
3467.3
u%2.7
M31.7
3481.6

Table 3 (continued)

v
X

v
a/s
101.57
w77
101.98
102.19
102.40
102.61
102.82
103.03
103.35
103.46
* .67
103.89
104.11
101.98
102.40
102.82
103.2%
103.67
101.98
102.40
102.8
103.2¢
103.68
102.82
102.82

t

PERERRRERUREURERRENRERERE -

ut
X
0.00 0.00442 17.13

0.666
0.666
0.664
0.664
0.664
0.684
0.664
0.645
0.663
0.665
0.663
0.665
0.663
0.654
0.664
2.664
0.465
0.665
0.664
0.664
0.664
0.643
0.665
0.664
0.664

--Uncertainties--

¥ew
K

1.10
1.10
1.10
1.10
1.1
1.10
1.10
1.10
1.10
i.1
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
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wet
K

0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52

\ire
3
1.27
11.27
1n.er
1n.27
n.zr
11.27
1n.27
1".27
1.27
1n.27
1.27
1.27
1"n.27
1".27
n.27
11.27
1.27
1n.27
1.27
1".27
"7
n.z
1.27
1.27
n.27



Tabie 3 (continued)

Channel Specimen
Experiment 1

Dete: 23 July 1990
Time: 10:26:33

TA 1 | "0 PO-M1 v t of
3 [ 4 LTY, T Y ra 3 %
201,56 201.60 16..7 3386.9 16.54 0.00 0.00347 17.14%

Hot-side Temperatures:

X \ 4 Tw
om (- 1 K
1.588 0.65% 91.57
2.540 0.455 291.5%9
5.080 0.655 291.38
7.620 0.655 291.58
10.100 0.855 291.58
12,700 (.45 201.80
13.653 0. 7S 291.61

Insuleted-Side Temperstures end Calculated Data:

-~Uncertainties--
X A Tw 44 [ 4 v RE m Wtw 1134 ure
cm - ] K K kPa ws K X b 4

0.000 -0.963 291.65 291.41 358.9 40.48 11393 0.664 1.10 0.50 11.27
1.270 -0.318 291.59 291.6t 3585.4 40.50 11392 0.664 .10 0.5 11.27
2.527 -0.330 291.61 291.41 3584.1 40.51 11392 0.664 1.1 0.5 11.27
3.810 -0.318 291.61 291.42 3582.6 40.53 11392 0.664 1,10 0.50 11.27
5.080 -0.318 291.60 291.42 3581.2 40.55 11392 0.664 1.10 0.50 11.27
6.363 -0.318 291.61 291.42 3I579.8 40.56 11392 0.664 .10 0.50 N.27
7.620 -0.330 2¥1.63 291.42 I578.4 4C.58 11392 0.664 1.10 0.50 1.27
8.903 -0.305 291.61 291.43 3377.0 4(.50 11392 0.664 1.10 0.50 11.27
10.160 -0.318 291.60 291.43 3573.6 40.61 11392 0.684 1.0 0.50 1.27
11,430 -0.318 291.60 29743 3574.2 40.63 11392 0.664 1.1¢ 0.50 11.27
12.700 -0.305 291.8Y 291.43 3572.3 40.8% 11392 0.664 V.10 0.50 11.27
13.970 -0.318 291.64 291.44 3571+ 40.66 11392 0.646 1.10 0.50 11.27
15,240 -0.953 291,63 1.4 35700 ¢€0.67 11292 0.684 1.10 0.50 11.27
2.527 -2.223 91.61 91.41 358.1 .0.51 11392 0.6 1,10 0.50 11.27
5.0800 -2.235 291.63 291.42 3581.2 40.55 11MR2 (.56 1.10 0.30 1.27
7.607 -2.235 291.64 201.42 3578.4 40.58 11392 0.844 1.10  0.50 11.27
10,173 -2.223 291.62 91.43 3575.86 4C.6. 11392 O0.684 1.10 C.50 11.27
12.700 -2.223 291.62 291.43 35728 .. %% 11392 .64 1,10 2.50 1,27
2.560 2,197 201.63 261.41 3840 - 51 1302 0.8 1.0 0.3 11,27
5.080 2.223 291.6% 291.42 3581.2 40.55 11392 0.&4 1.1 0.50 11.27
7.620 2.223 291.61 291.42 3STE 4 40.58 11392 0.664 t1c  0.50 .27
10.147  2.223 291.61 291.43 3573.4 4041 11%2 (.6 .10 0.50 11.27
12.713 2,223 291.63 20043 35728 40.64 11392 0.864 1.10 0.50 11.27
7.907 -3.493 2901.63 291.42 3I5TH.L 40.58 11392 0.484 1.10  0.30 11.27
7.633  3.493 291,464 201.42 3378.4  40.58 11392 0.664 1.10 0.5¢ 1,27

31



Table 3 (continued)

Chamuiel Specimen

Experiment 2

Date: 6 August 1990

Time: 09:02:08
TA ™ ] PO PO-pPY vt L 4 ut
4 X kg/h kPa kPa  § X

296.73 296.C™ 2.37 7219.3  0.33 -0.02 0.01132 &4.97

Hot-side Temperatures:

X Y Tu

o cm K
1.588 0.655 296.40
2.540  0.655 296.41
5.080 0,655 296.37
7.620 0.655 296.32
10,160 0.635 296.29
12.700 0.655 296.27
13.653  0.655 296.25

Injulateu-Side Temperatures and Calculated Data:

~~Uncertainties--
4 Y ™ T [ 4 v RE PR Wtw et vre
[ 3 =) K [ 4 kPs as K [ 4 X

0.000 -0.965 296.50 296.73 7219.3 2.83 1523 0.661 1.10  0.50 11.27
1.270 -0.318 296.44 296.68 7219.3 2.83 1523 0.661 .10 0.50 11.?27
2.527 -0.330 296.45 296.63 7219.2 2.83 1523 0.661 .10 0.50 11.27
3.810 -0.318 295.40 296.57 7219.2  2.83 1523 0.661 1.10 0.50 11.27
5.080 -0.318 296.39 296.52 7219.2 2.83 1523 0.681 .10 050 11.27
6.363 -0.318 296.36 296.47 T219.2 2.83 1523 0.661 1.1 0.50 11.27
7.620 -0.330 296.36 296.42 T219.1 2.83 1526 0.661 1.10 0.50 11.27
8.903 -0.305 296.33 296.36 7219.1 2.83 1526 0.661 1.10  0.50 11.27
16,160 -0.318 296.34 296.31 7219.1 2.83 1524 0.661 1.10  0.50 n.27
11,430 -0.318 296,31 296.26 7219.0 2.83 1526 0.681 .10 0.50 1.27
12.700 -0.305 296.28 296.20 7219.0 2.83 152¢ 0.661 1.10 0.50 11.27
13.970 -0.318 296.7°¢ 296.15 7219.0 2.83 1524 0.661 1.10 0.50 11.27
15,260 -0.953 296.22 296.10 7219.0 2.8 1525 0.661 1.10 0,50 11.27
2.527 -2.223 296.48 296.63 T219.2 2.83 1523 0.66: 1.10  0.50 11.27
5.080 -2.235 296.32 296.52 7219.2 2.83 1523 0.661 1.1 0.50 11.27
7.607 -2.235 296.37 29¢ 42 T219.1 2.83 1526 0.68Y 1.10  0.5¢ 11.27
10,173 -2.223 296.36 296.31 7219.1 2.83 1524 1..661 1.10  0.50 11.27
12.700 -2.223 296.29 2%6.20 7219.0 2.83 1526 0.641 1.1 0.350 11.27
2.540 2.'97 296.42 296.63 T7219.2 2.83 1523 0.661 1.0 0.50 11.27
5.080 2.223 296.37 296.52 7219.2 2.83 1523 0.661 1.10  0.50 11.27
7.620 2,223 296.35 296.42 7219.1 2.83 1526 0.661 1.1 0.50 1.27
10,1647 2.223 296.33 296.31 7219.1 2.83 1524 0.661 1,10 0.50 11.27
12.713 2,223 296.28 296.20 7219.0 2.83 1524 0.661 .10 0.50 11.27
7.607 -3.493 296.40 296.42 7219.1 2.83 1526 0.661 1.10 0.50 11.27
7.633  3.493 29G.36 296.41 T219.9 2.83 1524 0.661 1.10 0.50 11.27
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Table 3 (centinued)

Charvel Specimen

txper .ment 2

Onte: & August 1990

time, 09:06:38
T ] n ] ’0-P1 vt t wt
K [4 h kPe e x x

N§6.28 9722 $.27 Ta0.7 1.0 -0.€2 0.00607 21.73

Hot-side Temperatures:

b b Tw

] - ] K
1.°88 0.65% 297.03
2548 C.655 TR
5.080 0.4535 2%7.78
7.420 0.855 2097.7%
10.160 0.6%5 297.73
12.700 0.85% 297.68
13.453 0.635 297.67

{raitated-Side Temperstures end Csiculated Dats:

--Unce".ainties--
¢ \ 4 Tw Tf 1 4 v " wew et e
- on [ 4 [ 4 kPe /s K [ 4 |

0.68% 1.10 0.50 1.27
0.661 1.0 0.30 .27
0.661 .10 6.530 1.27
0.661 1.1¢  0.50 1.27
0.661 1.10 0.50 1.7
0.56% 1.0 0.52 11.27
0.661 1.10 0.50 1.27
0.661 1.0 0.50 1227
0.4661 1.0 0.50 W27
0.661 140 Lt 1.7
0.061 .10 0.5 127
0.66% 1.9 0.5 1.2r
0.661 1.10 0.50 1.27
0.661 1.0 0.30 n.27
0.861 .10 0.50 11.27
0.661 1.10 0.50 .27
0.661 1.10 0.50 1.27
0.661 1.0 0.50 1.27
0.0861 1.19  0.50 11.27
0.641 1.0 0.50 1.7
0.661 1.10  0.50 11.27
0.661 .10 0.0 .27
0.601 1.10  0.50 .27
0.661 .10 0.50 .27
0.661 1.1 0.50 .27

0.000 -0.755 297.96 290.28 Ii10.7 6.38
1270 -0.318 297.98 2298.20 N1C.6 6.38
2.327 -0.330 29791 298.11 210.5 438
3.810 -0.318 27.85 298.03 T210.4 4.33
5.000 -0.318 297.83 V7. T210.3 6.38
6.363 -0.3'8 297.86 7.8 7710.C 6.37
7.620 -0.330 297.85 29T.77 T210.2 6.37
8.903 -0.303 297.81 7.0 T210.1 8.37
10147 -0.3%8 X7.03 297.60 7T210.0 8.37
11.430 -0.318 297.81 297.52 7209.9 6.37
12.700 -0.305 297.79 2743 T209.8 6.36
13.970 -0.318 297.74 297.35 TM9.? 8.3
15200 -0.953 297.69 297.26 T209.6 6.34
2.527 -2.223 90.04 298.11 T210.5 6.38
5.000 -2.23% 297.64 297.%%¢ 7210.3 6.38
7.607 -2.235 297.86 27.77 )2 8.37
10973 - 3 297.89 297.60 TRi0.0  6.37
12.700 -2..23 297.86 297.43 T209.8 6.36
2.540  2.197 297.86 298.11 1210.5 6.38
5000 2.223 297.86 297.% 7210.3 &.38
T.620 2223 97.82 197.77 M10.2  6.37
10.147  2.223 297.81 297.60 7210.0 6.37
12.713  2.223 WT.77 29743 T209.8 6 36
7.607 -3.493 297.98 97.77 RRW.2  6.37
7.833  3.493 297.81 297.77 T210.2  6.37

EESERERBEEEEESEEEERELEEEY »
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Table 3 (continued)

Chorvwel Speciaen
Exporionn 2

Oate: 6 agpmt 1990
Tiem: 09:11:11

7Y ™ " (U % T t w
e K kA Me e T X
20.41 .05 0.3 TANL.6  3.31 -0.61 0.00813 17.5%

sct-side Temperatures:

¢ v Te

ca . K
1.5 0.855 9.2
.30 0.653 .U
5.000 0.6535 .0V
7.620 0.455 200.25
10.140 0.453 290. 0
12.708 3.655 M. %
13.653 0.655 M.

Inguisted-Side Teaparstures and Colculeted Pets:

~-Uncertsinties--
\ | Tw 1" » ] ” Wtw et Ure
-] [- ] 4 < e a/s [ 4 [ 4 h 4

3.681 1.1¢ 0.50 11.27
0.661 1.1 0350 .27
0.661 1.10 .50 n.2r
0. 661 1.10 030 11.27
0.68) 1.0 0350 1.27
0.461 1.0 o050 .27
0.681 1.0 0.58 1.7
0.641 1.9 050 1.27
0.461 1.10 0.5 1.2
0.681 .90 0. NZ?
0.681 .16 0.50 11.27
0.481 1.9 050 1.2
0.641 1.9 0.5 N>
0.481 1.0 0.50 1. 27
0.641 1.6 050 W27
0.6681 1.6 0.50 1.7
0.641 1.1¢ 0.50 n.27
0.481 1.10 050 1.27
0.641 1.0 050 1.7
0.681 1.0 0% 1.2
2.46% 1.0 0.50 11.27
0.661 1.0 0.50 11.27
0.461 1.0 0.50 N7
0.681 1.1 0.50 1.7
0.441 1.0 030 ..27

C.000 -0.963 299.41 2.0 TN2.6 N.83
1.270 -0.3 20.36 29.55 7?2123 2.8
2.327 -0.530 200.36 2M.5t T2.0 .2
3.c10 0318 2.3 9.« N7 .2
5.0 -0.313 0.3 2.2 2114 n2.R
6.383 -0.3.8 299.33 299.38 212 .2
7.420 -0.330 .71 W13 72109 2.2
8.903 -0.33 299.29 29.2% Nn10.6 12.&2
10.160 -0.318 299.30 2.4 T210.3 12.82
11.430 -0.318 22.30 2.0 0.0 12.81
12.700 -0.305 299.29 299.16 7207 12.61
13.970 -0.318 299.27 29.11 T29.4  12.6%
15.240 -0.953 290.2¢ 219.07 7200.1 12.4!
ANT .28 WM W N0 K
5.000 -2.235 299.00 29.2 N4 N.KR
T.407 -2.235 M.2T .33 Ry 1.
10,173 -2.223 9.3 299.M4 T210.3 12.82
12.700 -2.273 299.32 299.% MO0.7 12.61
2,540 2.997 9.3 990.51 T212.0 1.&2
$.080 2.23 2918 IN.L2 FAMLL 2.2
1,620 2.223 2W.19 .3 T0.? 2.
10.47 223 29.2 299.% T0.3 2.2
.73 .28 M7 9% .Y 1.4
7.607 -3.493 299.36 5.3 N210.9 1.
7.433 3.493 20013 9.13 T210.9 n.Q

ERECERESEERESABREEREERESES »
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Table 3 (continued)

Chovet Specion

Eapariaent 2

Sete: § Agpat VN

Tiam: 09:1%6:08
1) ™ [ ] ” -9 L ! w
[ 4 [ 4 wh kP [ ] 3 4

TS 2L K. TS 65T 068 0 0WSST TN

sot-side Tempersturas:

b 4 .

(-] -] [ 4
1.5 0.8 M8
2348 0855 M.
3. 0453 M.
740 0.683 MR
10.10 0.455 .2
.70 0.3 2.4
11653 0.5 298.4t

treul sted-Side Tengerstures swl Caicauteted Baza:

--Uncertaintios--
) v Te ¢ 1 4 v a " ew "t we
-] [ ] 4 [ 4 e afs [ 4 | 4 k 3

0.000 -0.965 290.63 290.72 725.6 .06 W13 Ce1 1. 0S8 1Y
1.20 0318 286! WY TIN.Y 1B W2 0T 1MW 0.5 NY
2527 0.3 M. M.73 TS5 W %12 G 1.%9 &% W2
3.810 0318 290.58 MB.NR 7230 & N2 8! 1.9 0N WD
5.000 -0.318 200.57 298.75 T4 WA %12 0.6 1% 030 1127
6363 -0.318 M0.58 2.3 N9 WA W2 0 1M 030 N2
7.60 0330 00.358 MM TN .67 W12 0.6 1w 05 N7
$.903 -0.35 298.55 2.7 2.8 V. N2 0.4 . 05 "2
10.140 -0.318 200.33 200.77 PR3 W %NY o .% o 12z
11430 -0.318 298.53 2B.77 7219.7 W %12 0.4 1.9 o05% nxmw
12.700 -0.°5 MR 2.7 W2 W N1 e . L8 W2
13.978 -0.318 208.53 296.79 72184 .08 1T 0661 10 0S8 N 7
15.240 -0.953 2M.53 2.9 .1 .8 Wil 0.6 1.1¢ 6.5¢ wWwr
2.5 -2.283 M. M. T3S 185.00 MWI12 0.441 1.9 0 N7
5.008 -2.2%5 29841 JM.TS TZR.6 18.07 N2 .41 119 5.5 .ZT
7.607 -2.255 2.3 2.7 T 18.07 W12 0.6 1.9 ¢35 “Ww27@
10.173 -2.23 29W.48 298.77 T0.3 .07 612 066 1.0 050 1N 27
12.700 -2.223 298.48 290.78 2192 185.08 %11 U044 110 650 1.7
2540 2.197 29045 M8.73 TS 18.06 9612 0.681 1.70 0.50 1.7
S.000 2.223 9843 M.T3 2.4 18.07 W12 0.1 1. 038 M7
7.620 2.23 M. 2.8 T4 18.07 W12 0.681 .10 050 1.2
10.47 2.223 298.47 29077 TIN.3 8.67 12 0541 1.0 0% N2
1.3 2.28 2.4 W0.T8 219.2 .08 M1t 0.6 1.0 050 N7
T.407 -3.495 290.45 298. 7% Ta\.4 1807 912 G.&61 1.1¢ 0.5 W27
T.435 3495 29840 J0.76 TZ21.3  18.07 W12 0641 ti0 0.0 127
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Table 3 (continued)

Ol tpaciaan

Emperisent 2

Dete: ¢ Aupmt 199

Time: 09:20:41
1’ ™ ”” 0-M vt | 4 w
[ 4 [ 4 g W ke £ 3

2761 2P0 .12 A1 IR 0.2 0.0851! 7.9

aet-side Tamparatures:

x \] T

L L] [ 4
1.5 0.6 W3
2.548 0.453 7.0
5.0 0455 .8
7628 04535 MM
MU 003 7.8
2.7 0.5 7.4
1363 0L .59

travlsted-Side Tanparetures and Calowieted Pota:

--Ursertainties--
| § v Te " [ 4 v ”n Vtw wf we
o - 4 4 s s [ 4 L 4

0.000 -0.03 20758 7.33 TaA.Y .12
1.200 -0.318 2758 736 TN3.2 B.12
2RT -0.IM MT.H YT Q2 AB.n
3.8 -0.38 27.95 . ™12 B.13
5.0 0318 DTH NM NK.2 B.O3
343 0.3 7.8 W M. B.MW
7.6420 0.3 297.355 .2 TIN3 B.W
N5 0.3 WX MT.Q3 Y3 B.3
0.%40 0.3 753 .M 7763 B.1%
1.4 -6.310 .53 .S B3 B.13
12.700 .38 7.5 BT TIRL B.W 061 .U 050 N2
1398 0318 .M BTGB TIN.L B 064t .Y 08 NWZ7
B0 4953 T WP THL BT UKD Y L 09 NY
2.527 -2.223 BT.SS WT.IT 222 B2 M 04! LW 00 NP
3.000 -2.235 D79 BT TXNA.2 B.13 UM L&' VW0 0 W
7.687 2.5 .5 W.Q TIN3 B.K UB 0.4 LW oW NYZ
10.173 -2.23 7.2 7.4 TOH.3 B K 0. 1N 5.9 N
12.700 -2.223 DT WT.AT THR.L B.36 M 0.6 .10 830 12X
2.340 2.7 755 7.87 T2 B 1 048 110 030 W27
S.000 .23 7. .0 TN B.T3 1 48 1,10 0.30 nN.27
748 .23 M. DT T3 B.K O 1KES 0.6 1.0 030 1.7
0.7 2.225 753 7.4 T3 B.13 UM 0.6 118 030 N7
R.NY 2.5 WS T T3 B.W B 0 1. 030 1.7
T80T 3.8 T.49 WT.RQ TN DU M8 0.6 1.1 038 1.7
7433 3.3 7.2 7.2 TIN.3 B.W 3B 061 1.0 .30 17

.48 1.1 050 N.I7
.6 119 030 W7
.66t 1.1 0.3 1027
661 LW 0358 W7
06! 1YW &9 NZ
“e! 1.9 0 N2
0! ¢ 059 T
o441 1.8 030 127
04 LW 03 N2
81 LW 059 N

EEGREGREERRE »



Chanrel Speciamn
Experfomnt 2
Oste: & Augrat 1990
Time: 09:24:57

p( }
[ 4

™
K

-9

ke ke e
XU e B.W TR

wot-side Tamperstures:

X

o
1.5
2.349
3.000
7.428
10.%0
1.7
13.453

\ 4

o
9.453
9.633
0.653
0.653
0.453
0.633
0.653

T
4

Table 3 (continued)

vt 4 w
b 4 3

"3 4.0 LN 1I7.W%

lreuiated-Side Tempecetures end Calculsted Beta:

x
o
0.000
1.270
.57
3.n0
$.000
6.363
7.420
3.908
10.160
11.430
12.700
13.9
15.2¢0
2.57
$.080
7.607
10.173
12.700
2.340
5.000
7.420
10.147
12.713
T.007
7.6433

\
]

-0.963
-0.393
-6.530
-0.318
-6.318
-0.318
-0.330
-0.%8
-0.318
-0.393
-0.308
-Q.318
-9.953
2.3
.38
-2.753
.
.23

2.7

.

.8

.23

.8
-3.493

3.3

Tw
4
;.7
2704
7.0
7.0
.o
27.02
7.01
s
x.a
..
297.0
™.
.0
;IMT.N
7.0
7.0
%.9
06.97
97.01
N."
7.0
%%.%
7.01
296.9%
96.97

"

4
¥7.03
97.03
297.06
27.97
7.8
7.0
;o
2T
.1
o
27.13
E 28 1)
7.3
7.0
27.08
8710
.
7.3
97.08
7.08
wr.w
7.0
wr.3
w0
w710

[
e
T83.4
51.8
7350.4
T8 8
Te7.3
NS .8

ne.s
[ O ]
n».s
w3
T86.8
8.3
rso.s
T3
Ta6A 4
TS
7.3
750.3
T™?.3
T3
™13
383
oA .4
b 38 4

~-Uncertaintise--
v [ [, ] Wts wt re
o S S b 3

RAT 7Y 0.8 .1 0.3 NI
.17 1748 0.6 1.% 038 2
2.8 7 8.4 1.8 0.8 “WX?
R.% 1738 0.4 1.9 058 “W.2?
R.19 1748 0.4 1.9 0% .27
.2 IV 0.4 .% 0 “Wm
RV TSR 0.4 .19 0358 W&
R.2 T LM .19 0.3 n.Zr
.2 TN .61 1. L N
.3 TN e .% 0.3 "7
RN 1738 .44 1.% 0.3 nW.2zr
.3 X8 0. .19 030 nW2
R.ZB T 0. 1.1 0.%¢ .27
R.WM 1THE 0.6 1.0 030 W.2r
R 1738 0.4 1.9 630 N
R 1TIMN 0480 .10 0.50 W.2r
12.22 17538 0.6t t.1¢ 0.3 W@
.M 17338 0.667 1.9 0% "W
2.8 1738 0. .19 0.5 N7
R.Y 1M 0.6 1.6 050 nW.2r
R.21 1IP 0.6t L1 03 1.27
.2 N 0.6 1.9 0.0 1.7
.M 1IN 0.5 110 0.8 N7
RN XY 0.6 .10 9.56 1.2/
R’ T 0. .10 0.5 1.7
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Table 3 (continued)

Charwel Speciann

Eapeciaant 2

Sete: & Mugust 1990

time: 09:29:52
TA ™ " ” 0-21 w f o
[ 4 | 4 Y, e [ ] b 4 X

20673 206.38 .87 TH23 .8 -9.01 0.0 17.13

not-3ide Temparstures:

] v Te

] o 4
1.5 0.4 2. W
.54 0.5 2%.18
$.089 0.655 2%.17
7.420 04535 .18
0.0 0455 W%
12.700 (.45 M.
13.653 0.653 2%5.19

lrmulated-Side Tenperstures and Calculsted Oats:

--Uncertainties--
X v Tw £ [ v ~ e Wt e
[- ] o [ 4 [ ¢ [ ] afs 4 4 b 3

0.000 -0.%45 296.% 296.10 7M2.5 37.57
1.278 0.3 296.11 26.11 TG W58
2.5 0.5 2%.12 296.12 THAL W&
3.818 -0.3W 2.4 2W.13 743 7.6
S.O80 -0.318 296.13 MoK B2 N.R
6.363 -0.318 IW.10 2%.13 TH2.Y N.Q
7.60 -3 206.10 M. W 751 .M
.93 -0.3 296.10 296.17 THA.0 W.&S
0.0 -0.318 296.0% 296.38 TNS.9 7.7
11,430 -0.318 296.11 296.20 TN3.8 37 .88
12.700 -0.303 29%.10 .21 TNI8 .S
13.90 -0.318 26.10 0.2 TIW.T N.N
15. 248 -0.953 2.9 2.3 N6 W.N
2.527 2.3 M.07T .2 THEL W&
$.000 -2.23% 296.13 6. W TS .
7.607 -2.25%5 296.10 296.34 TS0.v 3T .64
10.173 -2.23 296.06 29%.18 TNS.Y W&
12.700 -2.223 290.06 29%.2' 713 .
2.540 2.97 .09 M.12 7583 N.&
5.000 2.223 2%6.08 6.4 TB.2 V.
7420 .23 6.07 20%.% T0.1 3.4k
10.K7 .23 26.1% 286.\8 TNS.9 31.47
1R2.N3 2.223 206.37 M. TNI.7 3.&
7.607 -3.493 296.02 2X6.% 7250.! 37.6%
7.433 3.493 206.06 2%.%6 T0.0 37.64

0.681 1.9 0.5 127
0.681 .19 050 N
0.681 1.1 0.580 1.27
0.&M 1.R LS N2
[N )] 1.6 2.5 1.7
.06 t..9 058 N7
8.4651 1.1 050 N7
0.461 1.9 0.5 Ny
G.660 1. 050 11.27
0.661 1.1 038 1M1.27
0.660 1.0 0.5 N.27
0.481 1.10  9.30 1.27
.68 1.9 8.5 .27
0.1 LY 0358 W22
0.687 1.0 050 .27
0.461 1.10 0.50 11.27
0.461 1.1¢ 0.5 1.7
C.481 1.16  0.50 11.27
2.66Y .10 0.5 N7
0.64? 1.16  0.53 1.27
0.481 1.1¢ 0.5 1.7
0.46% 1.10 0.50 1.27
0.461 1.0 0.5 M.27
0.681 1.10  0.58 11.27
0.481 1.10 0.5 N.27
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Table 3 (contirued)

Channel Specisen

Experiasnt 2

Date: & August 1990

Tiae: 06:34:33
A T n [ ] 0-91 vt t u
[ 4 [ 4 w/h e Pe b 3 b 3

205,13 2W5.35 .5 7248.2 4065 0.0t 0.0043% 17.13

Sot-side Temperatures:

X v e

o -] 4
1.588 0.655 295.13
2540 0.885 95.%
3.000 0.655 295.13
7.020 0.655 23.%
10.%60 0.655 295.13
12.700 0.455 295.%
13.653 0.455 203.1%

irsulated-Side Temperatures and Catculated Dete:

} v Tw " [ 4 v " ”r
= ca 4 K e o/s
0.000 -0.965 293.12 2. W 7MA.2 S0.27 I3 0.4
1.270 0.3 295.07 294,95 72848 S0.25 2742 0.680
2.327 -0.338 295.08 20497 741.3 S0.31 27441 0.641
3.810 -0.318 295.11 2N .98 7¢58.1  50.34 2Tt 0.64Y
5.000 -0.318 295.00 204X.99 7¥54.7 S0.37 21460 0.661
6.3643 -0.318 295.08 295.00 7251.3 S50.39 2MéE0 0.661
7.620 -0.330 295.07 205.02 TANZ.9 S50.41 MY G.64Y
8.903 -0.305 295.09 205.03 T4.5 S0.44 2MSY 0.66)
10.160 -0.318 205.07 295.04 Td1.! S0.46 27458 0.6681
11,630 -0.318 205.06 295.05 737.7 S0.49 27458 0.661
12.7200 -0.305 295.07 295.06 74.&4 S0.51 274ST7 0.681
13.970 -0.318 295.08 295.08 7251.0 $0.54 236 0.461
15.260 -0.933 205.08 295.00 727.6 0.5 27436 0.681
2527 -3.223 205.00 296.97 T7261.5 S0.31 2741 0.860
S.000 -2.235 293.20 29%.99 TSA.7 S0.37 M40 0.46
7.607 -2.235 295.10 295.0¢ Ta7.9 30.41 2M59 0.661
10,173 -2.223 295.05 295.04 7XNV.1  50.46 27458 O.66%
12.700 -2.223 295.0x IM.04 744 5051 27457 0.64%
2.500  2.197 205.04 2W.97 /iii.2 SO.51 27%61 0.66%
5.080 2.223 295.07 204.99 T¥4.7  >0.37 . 40 0.661
7.620 2.223 295.06 25.02 TN7.9 S04 27459 0.64%
10.147 2.223 295.06 295.04 72¢1.2 50.48 274SA O.441
1N 2.22% 95.07 295.06 T34.3 30.51 2757 0.68Y
7.607 -3.493 295.01 295,02 TMT.9 Q41 TS0 0.688
7.633 3.493 295.06 295.02 TN7.9 30..2 2NV 0.841

39

~-uncertatnties--

tw
| 4

1.10
1.0
1.0
1.10
1.9
1.10
1.0
1.10
1.10
1.0
1.10
.10
1.0
1.10
1.9
1.0
1%
1.10
1.10
1.10
1.10
1.0
1.10
1.1¢
1.6

wt
K

0.50
0.50
0.50
0.50
0.50
.50
0.5
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.5
6.50
0.50
0.50
0.50

e
b 3
1"
na
nwao
"o
"
"o
.
"z
1"
no
n.2zr
"n.27
"o
"z
1"
nao
"o
1027
1w
1.27
1.2
n.zmr
"o
nw
"o



Charvel Speciaen

Expariment 2
Oate: 6 August 1990
Tiag: 09:39:03
TA by n
K X kg/h

204,68 2%.81 16.59 7326.4

Not-side Temperaturvs:

 §

(-]
1.508
2.540
5.000
7.620
10.180
12.700
13.653

\

ch
0.45%
0.655
0.65%
3.65%
0.45%
0.65%
0.65%

Insulated-Side

x
= ]
0.000
1.20
2.527
3.810
$.080
6.363
7.620
3.903
10.160
11.430
12.700
13.970
15.2¢0
2.527

7.607
10.173
12.700

2.%40

$.080

7.820
10.147
12.713

7.607

7.433

]
-0.965
-0.318
-0.330
-0.318
-0.318
-0.318
-0.330
-0.305
-0.318
-0.318
-0.305
-0.318
-0.953
-2.223
.35
-2.23%
-2.223
-2.23

2.197
.23
2.23
.23
2.23
-3.493
3.493

T

K
2.7
261
2.2
2.7
.73
%73
29¢.78

Tumperatures and Calcul sted Dats:

Tw
K
.73
.Nn
2%.N
2%.73
M. N
2.7
2x%.Nn
.73
2.2
NN
.
2%.73
296. 7
n%.7
294.00
™.
29%.R
204.48
296.76
. Te
T
296.73
aK.75
2%.N
29476

"

4
29¢.64
2%.63
29%.66
2%.67
294.68
.69
.70
2%.n
.72
.73
2%.74
20K.73
2M.76
2966
296.68
4. 70
2. 72
2%.74
29%.66
29468
2%.70
™. T2
2. 74
2%.70
2%.70

ro-P
kPe
8.10

[
P
73528.4
35.8
7335.1
7326.4
$s.7
328.1
322.4
nay
732i.0
7320.4
319.7
7319.0
7318.3
7335.1
3.7
nR.4
7321.0
7319.7
7325.1
3.7
nR.4
7321.0
9.7
n2.4
73224

Table 3 (continued)

vt
X

-0.00

v
s
20.15
22.13
20.13
20.16
26.16
20.16
20.16
20.17
20.17
20.17
20.17
20.18
20.18
20.1S
20.16
20.16
20.17
20.17
20.15
20.16
20.16
20.17
20.17
20.16
20.16

ut

0.00537 17.20

1111
mn
110
1110
e
e
11109
11109
mo
11109
1109
11108
11108
nmo
110
moe
11109
1MW
f1110
FARRI]
11109
1109
11109
M09
11109

0.661
0.661
0.4661
0.661
0.661
0.461
0.661
0.681
0.661
0.661
0.661
6.661
0.661
0.661
0.681
0.681
0.661
0.681
0.661
0.661
0.661
0.661
0.661
0.461
0.661

40

--Uncertainties--

Wtw
K

1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.1¢
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10

(3]
K

0.50
0.50
0.50
0.50
0.50
0.50
0.59
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50

\re
X
n.zz
n.a
1".27
1".27
n.zr
1.27
1m.27
1.27
n.z
"n.zz
n.2zz
n.z
127
n.2zr
1m.27
n.zz
1m.27
1"
n.2r
1n.27
.27
1.2z
11.27
1.27
n.27



Charnel Speciasn

o/ e ke

Experiaent 2
Oste: & August 1990
Tiae: 09:42:20
TA ™ n
[ 4 X
2K.62 WR.N

7.78 TH3.6

Not-side Temperstures:

X

- ]
1.508
2.540
5.000
7.620
10.160
12.700
13.653

¥

o
0.65%
0.653
0.653
0.655
0.453
0.455
0.455

lnsulated-$ide

X
[ ]
0.000
1.20
2.527
3.510
5.000
6.363
7.620
8.903
10.160
11.430
12.700
13.970
15.2640
2.527
5.080
7.607
10.173
12.700
2.340
5.080
7.620
10.147
12.13
1.607
7.633

Tw

K
20467
.68
%68
29%.70
294.68
204,67
.0

Temparatures and Calculated Deta:

Tv
[4
2946.65
294.66
296.66
.6
294.66
96.67
29466
294.66
294.67
294,64
204.68
0867
294.67
294.64
%N
294,87
294.67
294,66
294.68
20460
2%.70
206.68

294.64
29%4.70

T
K
204,61
296.62
296 .63
.64
.65
294.66
296.67
296.68
.0
296.70
.7
W2
.73
294.63
294 .65
294,47
29%.9
6.7
294.63
294,65
294.67
94.69
®J.N
296.67
296.67

2.3

kPs
7343.6
T343.4
7343.3
T43.1
7342.9
7342.8
7342.6
7342.4
7342.2
7342.1
7341.9
7341.7
T341.6
7343.3
342.9
34%2.6
7342.2
T341.9
T343.3
7342.9
T342.6
7342.3
T341.9
7342.6
7342.6

Table 3 (continued)

vf
b

-0.01

v
a/s
9.2
9.2
.3
2.3
.83
.33
9.3
2.3
.83
9.3
2.3
.3
2.3
2.3
2.3
2.3
2.3
2.3
.3
.3
9.3
2.3
2.3
2.3
9.3

0.00841

FiSIFEIERNH IR EEEEY -

§§

5097

ii

vt

18.40

2

0.661
0.661
0.661
0.661
0.661
0.661
0.661
0.661%
0.661
0.661
C.661
0.661
0.661
0.661
0.661
0.661
0.661
0.661
0.661
0.651
0.661
0.661
0.661
0.661
0.661

41

--Uncertainties--

wef
K

0.50
0.50
0.50
0.350
0.50
0.5¢
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50

Vre
3
n.2r
n.2r
n.
1"n.2r
n.2z
n.27
1.2?
11.27
n.z2r
1.27
n.22
11.27
"7
"y
"
1"y
1.2
n.2?
1n".27
1n.27
1n.2z
n.z2z
1n.27
1".z2z
n.22



Table 3 (continued)

Charvvel Specinen

Experiment 3

Oate: 6 August 1997

Ties: 15:01:28
TA 18 | ”0 PO-P vt at gt
4 K ky/h kPa [ b v

209.70 699.35 4.06 3443.4 3.92 26.13 2342.0 1.0

Hot-side VTemperastures:

\ Tv

-] -] K
1,588 0.855 .7
2.540 0.455 519.83
5.000 0.635 599.49
7.620 0.455 &69.22
10.160 0.655 727.07
12.700  0.455 780.690
13.653 0.455 778.98

Insulated-Side Temperatures and Calculated Dets:

x Y Tw T Tou, r v RE m h
o o K K K kP a/s (e -K)
0.000 -0.965 387.89 299.70 298.70 3443.6 10.06 2597 0.5 1532
1.270 -0.318 453.51 333.01 333 02 3443.3 1115 NI18 0.6 153
2.527 -0.330 505.10 366.25 365.27 3e43.0 12,25 66 0.685 1223
3.810 -0.313 S47.83 397.9% 397.95 3442.7 13.30 2141 0.666 1109
$.080 -C.318 585.29 429.43 429.45 3442.3 164.34 2031 0.686 1097
6.363 -0.318 621.43 4£62.33 462.35 42.0 15.42 1931 0.666 1085
T.620 -0.330 654.47 49645 49648 417 1648 13 0.866 1077
8.903 -0.305 685.2¢4 527.18 S27.21 3ML1.4  17.%6 1743 0.666 1088
10.160 -0.318 713.25 559.03 559.05 34410 18.62 1493 0.666 1098
11.430 -0.318 736.90 590.41 590.44 3440.7 19.65 1630 0.666 1122
12.700 -0.30% 757.29 621.38 621.42 3440.4 20.68 1573 0.666 1234
13.970 -0.318 767.11 654.51 &54.55 3440 ) 21,77 1517 0.664 1640
13.240 -0.933 754.41 6B86.06 686.90 3439.7 22.84 1466 0.666 1097
@527 -2.223 312.47 368.16 348.17 3443.0 11.97 2193 C.666 177
5.080 -2.235 509.97 433.33 433.37 3442.3 14.06 1963 0.666 1U90
7.607 -2.235 664.29 499.68 499.70 3441.7  16.19 1779 0.466 1047
10,173 -2.228 727.11 $566.78 566.80 3447.0 18.35 1630 0.666 1056
12.700 -2.223 T70.75 630.58 630.62 3440.4 20.40 1313 0.666 1196
2.540 2.197 313.92 369.02 349.03 3443.0 1.9t 275 0.666 TS
5.000 2.223 595.89 434.37 434.39 3442.3 13.99 1S 0.666 1057
7.620 2.223 647.40 S501.35 S501.58 3441.7  16.13 1761 0.666 1039
10,947 2.223 T5.17 568.14 S568.17 34410 18.23 1615 0.666 1079
12.713 2,223 766.30 633.45 633.48 3440.4 20.33 497 0.666 1263
7.607 -3.493 672.38 504.12 504.14 341.7 15.98 1730 0.666 1024
7.633 3.493 6A3.86 S510.78 510.80 3441.7 15.73 1666 0.686 99

9.4
8.67
6.0
5.56
.2
49N
4.65
4.50
4.36
4.29
4.35
5.a3
6.52
6.23
$.16
4.49
4.15
4.36
6.20
4.99
4.45
&3
4.59
4.37
&2

LT I ]
K
10.88 1.10
10.30 .10
776 t.10
4.63 1w
6.19 1.25
578 1LY
5.43 1.%2
5.20 165
499 .76
4.85 1.86
5.07 1.9
6.36 1.98
6.87 1.92
T7.47 110
6.1  1.27
5.25 1.57
4.76 1.8
4.87 1.9
T4 1,10
3.9 1.29
5.2 1.58
4.5 1.8
5.10 1,97
5.12 1.8
4.9 1,64

et
[ 4
2.18
3.47
4£.59
6.12
7.0
9.57
11.32
2.n
14.15
15.64
17.18
18.91
20.48
4.59
7.80
11.30
14.17
17.18
4.60
7.00
19.32
16,14
17.20
11.3¢
1.3

Vre
b 3
1m.27
a7
11.27
11.27
n.2zr
1n.27
n.z2r
1n.27
1".27
1.27
1.27
n.zz
11.27
.27
1.27
1.27
1.27
11.27
n.z2r
1.27
11.27
11.27
11.27
t1.27
11.27

wh
X
11.60
5.00
5.56
6.06
6.67
T.43
- 33
e8
10.72
11.65
13.47
17.37
33.00
5.46
6.65
8.13
9.92
131
5.47
6.53
.12
10.07
13.77
8.02
7.88



Channel Specinen
Enpurimave 3
Oate: 6 Augamt 1990
Time: 15:10:32

L)
K

™
[

0-M

kg/h ke ke

2061 3. B4 M8

sot-side Temperstures:

X

(]
1.308
.40
5.000
7.620
19.160
12.700
13.653

insulasted-Side Temperstures snd Calculated Deta:

x
[
0.000
1.7
.57
3.810
$.080
6.363
7.620
8.903
10.160
11.430
12.700
13.970
15.40
.57
5.000
7.607
10.173
12.700
2.540
$.000
7.620
10.147
12.1n3
1.607
7.433

\

(]
0.633
0.453
0.453
0.453
0.653
0.65%
0.455

™™

4
404.00
420.%2
438.73
497.67
SU. 7%
351.469
$37.13

™™
K
340
386.%9
408.25
428.63
.82
465.42
5003
503.79
1.2
332.90
S42.24
347.46
336.48
sH.Nn
459.30
493.32
7.7
351.%0
434,37
£54.92
9.2
530.%¢
350.08
301.51
$10.99

1*

K
298.57
316.08
UL )
3s0.1
3.0
306.08
400.93
418.13
n.»
451.9
447.67
5.08
502.08
5.5
370.34
405.99
“2.02
476.29
136.04
n.z
407.67
U3
478.93
410.50
415.9%

Tow
[ 4
20.61
316.12
3341
3%0.27
356.93
386,12
401.02
4.3
434.97
451.47
“r.7
485.18
302.19
5.9
.4
408.03
2,10
6.3
336.08
N
wor.n
“3.73
.0
410.56
A15.99

Table 3 (continued)}

vt
2
26.13

1 4
kPe
3437.8
3437.1
U4
3.7
43,9
43.2
u3.3
432.8
3432.1
U4
3430.4
3420.¢
u.2
3436.4
U9
5.3
U321
3430.¢
3.4
U9
3433.5
U321
3430.46
34353.5
»5.5

v
s
0.2
2.49
3.
.0
26.06
.2
28.43
¥.67
2.8
2.0t
53.15
.38
35.58
2.68
38.03
.4
.2
R.12
.42
N1
27.18
3.52
31.86
.59
as.7

gt
2
1.07

43

i

0.645
0.645
0.663
0.645
0.6¢8
0.666
0.646
0.666
0.666
0.646
0.666
0.666
0.é6é
0.643
0.646
0.666
0.666
0.666
0.645
0.666
0.666
0.666
0.664
0.466
0.666

2
z

w

I EHLE
£ 2

)

~N
-

§:38

21
byl

am
2021

20.08
18.01
ALYS
12.93
12.62
12.16
11.5%¢
10.86
10.51
10.34
1.26
1446
7.7
13.43
n.x
0.9
10.23
10.98
13.99
11.9
10.71
10.08
1n.e
10.37

.84

0n.n
0.0
.03
14.45
%.07
13.52
12.80
12.03
1.5
"n.s
12.21
15.45
18.43
15.12
12.60
12.12
11.33
1n.n
15.25
13.3
neg
1.13
1.5
11.58
11.02

seeves=--Uncertainties

Wtw
K

1.0
1.10
1.0
1.0
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.9
1.10
1.0
1.12
1.10
1.10
1.10
1.10
.n
1.10
1.10

wet
X
1.2
1N
2.49
LN
L2
3.16
6.10
6.85
7.63
8.43
9.2
10.19
11.03
2.49
421
6.09
7.63
9.26
2.50
[ 93]
6.0
7.8
9.7
6.09
6.1

yre
%
1".zr
11.27
1n.27
n.2zz
1.27
n.zrs
1.27
1.27
n.zz
n.2r
n.zr
"7
"2y
1n.27
11.27
n.zz
.27
1".27
1".27
"w.27
11.27
n.2z7
1.27
1.27
1.27

[ ]
X
1.0
s.17
s.n
6.8
6.96
r.n
8.6)
e.18
10.08
11.36
13.28
16.95
U.73
5.57
6.54
8.29
10.00
13.13
5.61
6.78
8.2
9.8
13.86
8.05
7.82

X
12.81
T.1%
7.54
7.98
8.33
9.20
9.92
10.41
1.22
12.33
1%.16
17.65
35.08
7.43
8.18
9.64
1.18
16.03
T.46
8.38
9.58
1.0
w7,
9.43
9.2



Chamnel Specimen
Experiment 3
Date: 6 August 1990
Time: 15:17:37

TA
K

™
K

L]
kg/h

[ ]
kPa

PO-M
kPa

Table 3 (continued)

vt

at
[}

07.87 419.79 14.% 34413 20.86 26.14 2625.0

Not-side Temperatures:

X

o
1.588
2.540
5.080
7.620
10.180
12.700
13.653

\

- )
0.655
0.45%
0.655
0.453
0.45%
0.455
0.65%

Ingulated-$ide

X
ca
0.000
1.2n0
2.527
3.810
5.080
8.383
7.620
8.903
10.160
11.430
12.700
13.970
15.260
2.527
5.000
7.607
10.173
12.700
2.540
5.080
7.420
10.147
12.7113
7.607
7.633

Y
o
-0.963
-0.518
-0.330
-0.3:18
-0.318
-0.318
-0.330
-0.305
-0.318
-0.318
-0.305
-0.318
-0.953
-2.28
-2.833
-2.83%
-2.283
-2.23

2.997
.23
.
.23
.23
+3.493
3.493

Tw

[4
354,10
3R.18
392.13
413.2¢
i9.8
U378
450.48

Tesparatures and Cslculated Data:

T
K
322.86
7.3
380.31
n.e
380.62
390.57
400.57
410.96
417.83
425.34
433.26
440.02
433.95
364.38
392.60
408.07
425.3%
441,04
364.73
386.04
408.15
424,62
440.54
417,51
41911

T
K
7.3
307.47
317.19
326.45
335.71
%3.27
354.66
364.22
373.53
382.70
m.n
401.43
410,89
318.65
338.55
358.7
.27
398.7¢
318.73
338.54
358.%9
379.06
398.83
364.10
365.06

Tau
[ 4
297.%
307.60
7.3
328.60
¥35.87
345.43
354.83
364.41
n.nr
382.90
391.97
401.486
411.12
3.7
338.68
358.95
M.
398.93
318.87
338.68
339.05
N3
399.02
364.23
365.19

[ ]
kPa
3441.3
439.5
3437.8
3436.1
34,3
R32.8
3430.8
3429.1
3427.4
3425.6
3423.9
3422.9
3420.4
3437.8
%3%.3
3430.9
327.3
3423.9
3437.8
45,3
3430.8
3427.4
3423.9
3430.9
3430.8

3.3
39.56
40.81
42.00
43.20
1644
45.65
46.88
48.09
49.28
50.45
LN
52.9%
38.18
40.56
42.%
45.46
47.80
38.19
40.%6
3.0
45.43
47.82
40.15
39.81

gt
X
1.7

7631 0.686
80 0.665
8333 0,665
8201 0.665
7900 0.666
7630 0.666
K3 0.665
ne 0.6

44

h
W/ (at-K)
6140

37.48
3.82
23.93
2.0
26.09
3.7
2.93
2.07
22.56
2.37
3.08
%N
30.88
24.36
19.08
21.18
21.44
2.3
2.20
22.26
21.18
2.0
2.6
19.30
19.07

¥9.19
33.84
7.8
a.m
25.81
3.36
.52
.99
3.9
a.n
26.39
3.0
3.8
26.22
21.57
a.n
2.8
3.63
26.06
83.95
2.713
23.10
a9
20.81
20.57

wef
X

0.81
1.15
1.46
1.90
2.41
2.9%
3.47
3.89
{
k.9
5.26
.78
6.26
1.48
2.4
3.46
4.34
5.26
1.46
.4
3.47
4.33
5.26
3.46
3.47

\re
X
n.2z
n.zz
11.27
11.27
1m.27
n.ez
1.27
n.2zr
3 IY 14
11.27
1n.27
n.zz
127
1".22
1127
11.27
"2z
1n.27
11.27
1n.27
11.27
1.27
11.2?
n.er
11.27

W
H
12.54
s.7
6.12
6.65
7.35
8.18
9.06
L 4]
11.04
12.42
13.73
15.88
30.62
5.96
6.56
8.57
10.69
13.51
5.95
7.01
8.58
0.7
i3.70
8.06
8.02

Uncerteintiegs=----=«~-

L oT]
X
13.47
7.53
7.8
8.7
8.8
9.55
10.51
10.88
12.09
13.36
14.60
18.63
n.on
.3
8.20
9.8
1.77
14.38
.n
8.57
9.89
11.86
14.55
9.45
9.41



Channel Specimen

Table 3 (continued)

Experiment 3
Date: 6 August 1990
Time: 15:22:37
1A (] ] ] PO-PY  Vf at uqt
« K kg/h kPa kP X '] } 3
297.80 3A7.89 20.00 3447.3 33.13 26.15 2597.0 1.2¢9
Not-tide Tempuratures:
Y Tw
a o [ 4
1.588 0.635 331.35
2.540 0.855 336.9%¢
$.000 0.455 37M.58
7.620 0.655 387.22
10.160 0.655 399.16
12.700 0.455 410.28
13.653 0.455 415.78
insutated-Side Temperatures ano Calculated Data:
X A\ Tw Tt Tow | 4 v RE m h
- ] -] K K K kPs /s N/ (e -K)
0.000 -0.965 316.30 297.55 297.77 3447.3 51.86 13514 0.665 819
1.270 -0.38 3X35.98 304.87 304.91 3444.5 52.92 13301 0.665 6695
2.527 -0.330 345.50 311.78 312,03 3441.8 54.17 1309 0.665 5628
3.810 -0.318 353.49 318.55 318.81 3439.0 55.37 12907 0.665 Nz
5.080 -0.318 360.42 325.33 325.80 3436.2 56.58 12724 0.665 5436
6.363 -0.318 367.73 332.32 332.50 3433.4 57.82 123542 0.665 5450
7.620 -0.330 375.12 339.18 339.48 3430.7 59.04 123490 0.66% 5363
8.903 -0.305 382.95 345.18 346.49 3427.9 60.29 12198 0.665 5230
10.160 -0.318 387.99 352.99 353.31 3425.2 61.50 12037 0.66% 5415
11.430 -0.318 393,77 359.70 360.03 3422.4 62.11 0.84% 5400
12.700 -0.305 399.84 386.32 366.66 3419.7 4&3.89 11737 0.686  S602
13.970 -0.318 405.37 373.39 373.75 3416.9 65.16 11585 0.646 6478
15.240 -0,953 400.15 380.31 380.48 3414.1 66.41 11440 0.666 729
2.527 -2.223 348.65 313.06 313.27 3441.8 $0.03 12012 0.665 3D
5.080 -2.235 371.72 327.80 328.03 3436.2 52.43 11643 (.665 43%
T7.607 -2.237 381.79 342.79 343,05 3430.7 54.87 11295 0.66% 4933
10.173 2.2 394.29 357.935 358.23 3425.2 57.35 10967 0.665 s07
12.700 -2.223 406.38 372.37 372.67 3419.7 59.7% 10675 0.686 5515
2.540 2.197 348.98 312.95 313.17 3441.7 50.61 12159 0.865 5256
5.080 2.223 365.33 327.43 327.67 3436.2 53.00 11792 0.665 5027
7.620 2.223 380.86 342.33 342,58 3430.7 55.46 11441 0.665 4993
10.147 2,223 393.73 357.08 337.36 3425.2 S57.7%0 11117 0.66% 5167
12.713  2.223 405.93 371.55 371.86 3419.6 460.31 10820 0.666 5460
T7.607 -3.493 391.66 348.16 348.37 3430.7 49.86 10002 0.665 4415
7.633 3.493 390.4% 347.60 347.81 3430.7 50.51 10158 0.665 4482

45

50.04
40.26
33.32
31.03
3.2
3¢.9
30.00
28.85
29.48
29.03
29.74
33.95
37.76
3i.44
e.81
27.40
28.08
28.96
31.04
28.80
27.76
7N
8.M
26.26
26.66

51.75
62.49
35.26
32.8
33.09
32.68
Inn
30.50
31.05
30.51
na
35.52
3.8
33.36
26.59
29.07
29.6)
30.39
32.9
30.59
29.44
29.45
30.14
25.88
26.29

wef
K

0.69
0.90
.
1.43
1.80
2.18
2.58
2.89
.2
3.55
3.89
4.28
4.66
.1
1.80
2.57
3.2t
3.89
1.12
1.80
2.58
L.
3.9
2.57
2.58

Wre
X

1n.z2zz
1.27
n.2z
1m.27
n.2z7
11.27
1".27
11.27
1.27
1.¢.

1.27
1n.27
n.z2zz
n.zz
1.27
1n.27
n.27
n.z7
1n.27
1".27
1n.27
1.27
1".27
1.27
11.27

wh

x 3
13.29
6.14
6.45
6.87
T.47
8.2t
8.98
9.53
10.74
11.90
13.00
14.59
27.59
6.27
6.52
8.43
10.41
12.82
6.26
.1
a.51
10.32
12.71
1.7 9.2
7.88



Table 3 (cor.tinued)

Charne! Specimen

Experiment 3
Date: 6 August
Time: 15:27:54

" 11 )
£ K
297.58 358.53

1990
" PO PO-P1 v
kg/h kPa kPa 4

at
[}

29.39 3449.5  62.41 26.17 2580.0

Hot-side Temperatures:

X Y
o ca
1.508 0.455
2.540 0.45%
5.080 0.655
7.620 0.655
10.160 0.655
12.700 0.455
13.653  0.6455

Insu ated-Side

X Y
R [~ ]
0.000 -0.965
1.270 -0.318
2.527 -0.3%0
3.810 -0.318
5.080 -0.318
6.363 -0.318
7.620 -0.330
8.903 -0.305
10.160 -0.318
11.430 -0.318
12.700 -0.305
13.970 -0.318
15.240 -0.953
.527 -2.23
5.000 -2.235
7.607 -2.23%
10.173 -2.283
12.700 -2.223
2.540 2.197
5.080 2.223
7.620 2.28
10.147  2.223
1’.13  2.223
7.607 -3.493
7.633  3.493

Tw

4
338.81
342.26
352.06
IR.6
370.67
373.30
382.52

Tesperatures and Calculated Date:

Tu Tf Tow P
. 4 4 [ 4 kPe
310.12 297.01 297.51 3449.5
324.85 301.75 302.27 3444.3
331,26 3048.49 307.02 3439.2
3356.69 310.99 311.54 3433.9
341.27 315.51 316.07 3428.7
346.15 320,16 320.74 3423.5
351.14 324.73 325.33 3418.3
356.68 329.38 330.00 3413.1
359.8° 333.91 334.55 3407.9
363.83 338.38 339.04 3402.7
367.92 342.78 343.46 33975
372.16 347.49 348.19 3392.3
367.85 352.09 352.81 3387.1
333.40 307.59 308.02 3439.2
352.09 317.56 318.03 3428.7
356.70 327.70 328.20 3418.4
364.54 337.96 333.49 3407.9
372.83 347.71 348.28 13397.S
333.80 307.36 307.82 3439.1
344,86 317.04 217,53 3428.7
355.33 326.99 327.51 “418.3
364.18 336.85 337.41 3408.0
372.67 36.52 347.11 3397.5
366.64 332.88 333.27 3418.4
363.32 331.30 331.71 3418.3

76.38
8.97
81.56
84.12
67.36
70.32

Wt
x
1.55

20155  0.665
19943 0.665
19735 0.565
19541 0.665
19352 0.665
19161  0.665
18978 0.665
18796 0.665
18623 0.665
18456 0.485
18296 0.586%
18125  0.665
17963 0.665
17822 0.665
17442 0.665
17075 0.665
16721 0.465
16401  0.665
18270 0.665
17891 0,228
17521 0.665
17171 0.665
16844  0.665
14507 0.665
15265 0.665

46

h
W/ (m X)
11959
9154
et
7285
Thbh
7486
7356
7102
7390
7303
7550
%90
9386
76
5521

T8

n3
7198

zanvy

6972

5725

.2
55.40
46.26
43.2%
43.8
43.54
42.38
40.52
41.78
40.92
41.94
46.72
51.20
44,07
32.29
38.15
40.16
41.38
43.03
40.30
39.15
39.19
39.8
32.43
34.15

74.88
57.69
48.26
45.14
45.77
45.45
.24
42.33
43.53
42,59
43.60
48,52
52.45
46,07
34.18
3s.97
41.87
43.00
45.03
“2.21
40.98
40.91
41.51
3.19
35.93

utf
4

0.59
0.70
0.81
1.0t
1.25
1.50
1.76
1.97
2.19
2.42
2.65
2.92
3.16
0.8t
1.2%
1.76
2.19
2.6
0.82
1.25
1.76
2.19
2.65
1.76
1.76

Vre
X
1n.27
11.27
11.27
1n.27
11.27
11.27
11.27
11.27
11.27
11.27
11.27
1.27
1.27
1.27
1.27
1,27
11.27
11.27
1n.27
11.27
1.27
11.27
11.27
n.z7
11.27

wh
X
15.05
7.12
T.26
7.49
7.97
8.56
.18
9.55
10.69
11.66
12.60
13.68
25.64
7.06
6.62
8.52
10.43
12.56
6.95
7.58
8.68
10.19
12.14
7.66
7.93

9.87
10.42
10.74
n.”mw
12.65
13.52
14.54
26.11

8.59

3.25

9.8
11.53
13.49

8.51

9.01

9.98
11.32
13.10

9.1

9.33



Crarvwl Specioan

Tabie 3 {contirued)

€xperimnt 3
Date: & August 1990
las: 15:32: 9

T 1 ] " ” 20-91 v at e

£ 4 kg/n e e z L k
207,08 1.8t NP9 MAT.8 5.3 26.17 B0 ‘W
not-side Tamperstures:

X 4 Tw

-] o [ 4

1.5 0.35% B¥.»

2.540 0.6 3.3

5.080 0.45% 30.58%

7.620 0.68% 348.32
16.160 0.455 3548
12.708 0.653 .M
13.653 0.453 343.11
ir-ulated-Side Toaperstures and Cal-ulated Dats:

4 A4 Te 112 T | 4 v . ” 13
] -} [ 4 K [ Pa L] (e K)
0.000 -C.05 306.32 W5.02 296.95 JAT7.6 1007 2748 0465 1599
1.271¢ -0.3%8 3W7.*7 945 300.40 I8 108.33 M 0.683 16K
2.527 -0.330 3R.4/ YR.&7 N0.85 W1 ATV B0 0.5 WY
3.810 -1.318 326.72 306.13 307.13 3421.3 MY NS4 0.645 929
S.000 -0.318 330.01 306.30 310.42 123 10.83 24862 0.3 MM
6.303 -0.3WF 333.54 3C.75 I8 0S4 112,10 2uidé 0445 29576
7.020 -0.030 337.17 316.05 317.% IMG.7 11335 27 0.5 2 MU
8.903 -0.303 34147 319.42 320.53 3385.8 11504 0200 0.445 W90
10.168 -0.318 3351 IR2.M 3.0 II77.1 14.50 W08 0.645 N
11430 -C.315 344.48 3591 327.08 1. 4.3 17.% 9X3 Q.66 9ié
12.700 -0.345 349.47 39.09 3%0.2% 3I59.5 11939 N3 0.5 9568
13.970 -0.3W8 392.90 ¥32.50 333.73 13350.7 120.91 5504 J.445 10333
S0 -0.953 UM IB.K 337.08 3341.8 122.42 T4 0.645 11313
2527 2.2 N2 X3 AT WI0.! %36 M2V 0.65 NS
S.000 -2.05 0.4 NI.T 312.06 3123 MNY B 0.8 S
7.607 -2.233 197 3. 31953 TG 1.0 233084 0.645  BL%s
10.173 -2.28 W7.11 324.20 327.13 Y3TT.0 105.11 23138 U.665 2 RT7
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10.47 .28 3446.00 IN.97 325.9% 3377, .82 MN062 C.685 8B4
12.N% 2.3 353.34 33.(7 333,01 YXSO.4 1130 2TNT 0.445 91N
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$e.3°
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9.9
3.2
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Table 3 .continued)

€ orvwst Spacimen
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Time: 15:00:08

T h ] [ ] ” "0-» vt ae uyt
[ 4 | 4 kg/h P e 3 [ } 4
293.67 &3L.88 10.16 IS4 WN.2B 4993 (YN0 1.0s

“ot-side Tempereatures:

4 v Te

= -] «
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1.6 0.653 0.3
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X v Te " Tew [ 4 v 3 ” L]
cm ] € | 4 4 e as wiat -X3
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12.70¢ -0.305 704.59 339.36 350.54 ISE3.7 &6.30 LIVY 0.6 NS3
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$.000 2.223 351 % 409.06 o09.'S 3N0.9 31.85 5108 0.4 D37
7.620 2.223 60.86 U3.85 L5 5083 M2 U0 06 TN
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7.607 -3.493 HA5.02 4ATR.S4 4A79.2¢ TSRS .38 4265 0.6 2'98
7.637 3495 6A3.99 4BO.S3 430.43 33883 .2 4209 0.6 212
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Orarnet  Spac lamn
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n.e
mr.n

.13
425.%
s .26
“2.2
L X4
w1
SN
334.08
i
[ X4
Sh.47
5.5
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Table 3 (continued)
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.9
Q.
5.4
6.8
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2.348
3.
7.4
w.
.78
13.453

troul ated-Side

b 4 v
o
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-..3%
-2.3%
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-0.35
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4.3
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$.oe0
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(R .
1848
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13.973
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Table 3 (continued)

1.9

Temperstures arvi Catouiated Bats:

Tu "
T T [ 4
DL M4 %8
.an Wm.s
NN 1S 2.8
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nnR.s
35445
b R
3533.9
Xes.3
564.4

o m [ ]
wie* -K)
0.3
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Table 3 (continued)

Cavnl tpuciar
Eagor it &
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S.000 -3 . IB.W IN.M BU.Y KK WRT LS
63 5.3 N4 NG XIN.M® ¥NB.2 W W S5
7438 0338 MU NN MM BRL BN W54 0.5
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Carwwl Speciesn
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10.173
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Table 3 (continued)
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Tenperatures sl Calculatud Cete:
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3358.7
b AN}
nR.2
nxz.s
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5.1
..
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n7e.3
3e7.0
K77
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Table 3 (continued)

Charvel Specimen
Exporinpnt §

Date: § Augmt 1900
Tim: 15:05:29

n ™ n ® M vt o e
x X WA e s 3 v 3
300.34 672.82 13.33 3525.0 24.79 7533 7160.0 1.0¢

wot-side Temperatures:

4 7 Te

= o K
1.588 0.653 $12.20
2.540 0.655 SO0
5.080 0.455 805.43
T7.620 0.655 675.81
10.40 0.635 "R.&7
12.700 G.455 734.64
15.653 0.653 7TTT.1

Insulated-$id. =" ecwes and Calculated Dete:

-------- -Uncertainties----------

} v 1 1% " Teu | 4 v 3 3 ] | ] L] =m ytu et wre L] v

= cn [ 4 [ 4 [ 4 e o wie ) K K X X 4
0.000 -0.9%3 379.29 300.23 300.33 X525.0 X3.48 O873 0.445 S301 32.79 36.61 1,10 2,93 11.27 1.6 12.66
1.270 -0.318 439.42 3529.98 3W0.10 IN.7 4.9 73 0.5 WIS 35.27 0.3t w0 3. 11.27 L.t 688
2.327 -0.X30 3503.34 350.47 339.8' 3520.5 40.28 7RS) 0.645 B8 WL B 110 4W 1M1.2r S3F .27
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11,430 -0.318 709.73 350.79 560.13 3504.9 62.63 S787 0.666 X368 13.31 15,17 175 .58 11.27 0.7 1.8
12.700 -0.305 727.34 SE7.44 SE7 .SV 3502.7 45.7% 5306 0.646 3673 H.OF 5.4 182 16.02 11.27 12.37 13.31
15.970 -0.318 TRS.64 417.07 $17.41 35004 006 5400 066 08 1431 18.10 1.80 7.2 1.7 .4 5.2
15.40 -0.953 727.34 6AS5.08 644.32 3496.2 72.31 3338 0.6 AE33  17.34  12.37 182 19.00 11.27 .85 27.9
2.327 -2.283 519.53 343.77 343.00 15203 3.\ 7288 0.683 3337 7.7 .4 .10 4.28 11.27 S 1.v7
5.080 -2.235 593.93 42¢.26 L.43 35161 441 4539 066 309 WH.7B 7R 128 7.8 V.27 6. 1.87

7.607 -2.235 435.02 4835.00 4Bs.02 33116 S0.86 9N 0660 NG 1364 V6.8 153 10.54 11,27 Y. 9.07
10.173 -2.283 TW6.34 548.04 3<8.32 3307.1 S7.33 5495 0.686 308 12,39 W36 L.77 3.2 11.27 9.05 10.30
12.700 -2.223 7MT.66 607.22 407.56 3302.7 ¢€3.36 S117 0.646 M4 13.72 3.3 190 16.02 11.27 1233 13.29

2540 2,197 SW.T0 M5.352 345,60 3505 3746 05 0.M45 M3 W .09 L0 4.9 1.7 5.7 1.2

S.000 2.223 SES.99 A27.05 427.2' 3316.1 4372 4387 0.4 37 BT W LB 7.8 11.27 435 8.03

7.620 2.273 663.26 490.29 400.50 35116 50.18 5006 O.666 3050 13.25 13.45 1.56 10.55 11.27 7.52 ¢L.9¢
10.147  2.223 T16.84 552.97 553.2¢ 3507.1 56.59 5342 O.664 3W6 12.66 460 177 13,98 1.7 9.2 10.48
12.713  2.223 TT.15 614.43 W76 3302.6 S2.90 (964 0666 JC U 1.2 190 16.03 11.27 .97 1.

7.607 -3.403 470.50 493.91 494.12 35116 4052 S0 O.6éd 2987 .M 5.9 199 10.54 11,27 T4t .89

7.633  3.403 T01.50 510.36 S$10.75 3311.4 47.28 511V 0666 N2 11.67 13.90 1.V 10.27 11.27 7.06 8.4%

53



Table 3 (continued)

el Spociuen

Experiment §

ogte: 8§ Augn: 139

Time: 15:13:82
7Y ™ . X 3. e
4 4 « N kP e X v X

300.08 $92.36 1. %o 33354 38.03 7543 TN 1.08

wt-side Temperetures:

X Y Tu

[- - [ 4
1.588 0.655 473N
2.540 O0.655 (V3.
$.000 0.653 S42.82
1.620 0.855 595.9%
10.160 0.653 4633.09
12.700 0.653 664.4S
13.653 0.653 682.45

Insutated-Side Temperstures snd Calculated Deta:

x v Tw Tt Tow [ v RE [ ] ]
] o [ 4 K K s L2 (s k)
0.000 -0.945 360.30 299.90 300.06 3335.4 43.75 11580 O0.645 o
1.270 -C.318 425.53 323.12 323.30 3332.2 47.12 11011 0.665 SM3
2.527 -0.330 4358.30 346.29 344.30 3329.1 50.49 10303 0.665 TV
3.810 -0.318 453.60 368.37 368.61 3525.9 33.70 10072 0.665 4501
$.000 -0 318 504.54 ¥90.45 390.73 3522.7 56.92 9679 0.6 4589
6.363 -0.318 530.42 413.23 413.5¢ 3519.5 60.25 9310 0.668 4598
7.620 -0.330 534.60 435.81 4&35.95 35164 6353 978 0.866 (52
8.903 -0.305 578.50 458.42 458.79 3513.2 46.88 Q864 0.688 4T3
10.160 -0.318 594.83 4OC.40 481.01 3510.1 70.14 6339 0.656 4633
11.430 -0.318 611.15 502.45 502.9% 3506.9 73.36 8135 O.668 4727
12.700 -0.305 629.81 S526.03 524.52 3503.7 76.5¢ 7901 0.666 4957
13.970 -0.318 6A7.73 S47.09 3547.63 3300.3 .95 NP 2.688 STR4
15.260 -0.953 432.33 S569.42 S570.21 M97.4 3.28 TiSé 0.&6 6416
2.527 .23 AN.27 U965 S ISH.1 47.55 9IS 0.68 4356
$.000 -2.235 320.00 W7.01 W7.25 3522.7 S53.99 027 0.644 4034
T7.607 -2.255 ST2.60 &45.18 445.48 3516.4 60.55 851 0.668 4218
10.173 -2.223 616.32 493.00 496.27 3510.0 67.22 7680 0.656 4320
12.700 -2.223 650.78 3540.21 S540.67 3503.7 3.59 7217 0.666 4740
2.540 2.197 470.00 350.71 330.90 3529.1 46.93 9541 0.645 4437
5.00C 2.223 323.02 390.38 398.82 3522.7 S3.33 8761 0.4 4200
T.620 2.223 STT.X3 4A7.79 48.09 3516.4 59.9%¢ 0087 0.866 4152
10,147  2.323 613.14 496.58 49692 3310.1 66.50 7530 0.686 4330
12.N3 2.223 6350.30 S544.36 544.81 3IS03.7 T2.97 TOSS 0.6 4951
7.607 -3.493 592.41 435.72 4%54.00 3516.4 S7.79 7572 0.686 IO
7.633  3.493 610.14 #85.52 465.78 3516.4 S5.73 TOAS 0.866 IV

£2.64
13.01
26.09
Z3.80
3.3
2.48
2.2
20.36
20.42
20.20
20.57
3.13
.13
3.%
20.27
19.99
18.48
19.26
26.26
21.44
9.
19.55
20.01
17.98
16.74

L] utw
[ 4
47.20 1.1
3847 110
30.44 1.10
.66 1.0
2.9 1.1
3.9 110
2.3 1.3
3.4 22
2.9 1.9
2.5 1.3
2.7% 1.8
5.38 1.5
2.2 1.4
.12 1.10
a.7% 1.10
2.5 1.2
21,10 1.37
21.36  1.5%
a.5% 1.10
2.9 1.10
.09 1.2
2.95 1.3
2.07 1.5
20.77 .28
9.3 1.3

utf
K
1.6
2.58
3.
4.48
s.n
7.00
8.28
9.30
10.35
1.4
12.57
13.83
14.98
3.3
s.n
8.27
10.36
12.57
3.3
5.n
8.28
10.34
12.58
.27
3.29

e
%
1.27
n.za
1.7
".2zz
11.27
1n.27
n.er
11.27
1.27
n.zr
.z
n.zz
n.e
1".2r
"
1n.2z
"n.er
1".27
n.2zz
11.27
"n.er
1.27
11.27
"n.27
"

L J
X
n.nr
4.86
5.41
5.97
6.63
r.82
.25
8.93
16.15
1.54
12.80
%48
27.33
5.26
6.18
7.8
.61
12.32
5.3
6.32
L
9.9¢
12.80
7.48
7.23

) 4
nr.n
6.
7.3t
T.7%
8.26
| B
9.60
10.20
1n.2zs
12.55
13.72
15.29
a.n
7.20
7.90
v 2
10.%0
13.27
.23
8.05
.20
n.1n2
3.7
8.9
8.7



“harnel Specimsn

Z.porimsnt 3
Oate: § Aupmt 1990
Time: 15:20:16
TA 1 ] ]
[ 4 L4

#0-rt

Wwh ke e
299.87 S13.12 3.5 379 9.3 S48 T3N.0 V.07

wot-side Temperatures:

 §

L
1.508
2.540
$.080
7.620
10,180
12.700
13.683

v

o
0.453
0.455
0.43%
0.455
0.455
0.435
0.655

™™

[ 4
8.7
482.11
42.20
325.03
552.10
576.65
391.26

Table 3 (continued)

v ot "t
T v z

Insulated-Side Temperatures and Calculated Dets:

x
(- )
0.000
.20
.57
3.800
$.080
6.343
7.6
8.903
10.160
11.430
12.700
13.970
15.2¢0
2.327
$.000
r.807
10.173
12.700
2.540
$.000
7.620
10.147
12.13
7.607
7.633

A 4
(- ]

-0.943
-0.318
-0.530
-0.318
-0.318
-0.318
-0.330
-0.30%
-0.318
-0.318
-0.305
-0.318
-0.953
.23
-2.233
-2.239
.3
.23

.97

.28

.23

228

.
-3.493

3493

Tw
[ 4
3453
.0
41,13
438.39
432.90
4%.17
487.41
504.90
316.78
5.9
343.42
7.2
544,40
27.7%
4.5
503.%
3.7
560.64
427.50
440,12
362.0¢
$32.3
560.20
525.07
$30.12

"

[ 4
29.52
6.32
333.09
3%9.07
345.05
381.52
wr.n
414.21
430.26
£46.07
[ g
7.3
49665
336.04
370.7%
406.08
“1.0
475,75
336.10
370.53
405.91
440.98
473.33
N7.%
420.42

Tan
[ 4
9.0
316.67
333.47
349.48
345.50
382.03
8.2
41481
430.9%0
444.76
462.41
479.13
495.50
336.37
..
406.56
442.37
476.42
336.43
3.9
406.40
441.33
476.02
&'8.38
420.02

[ 4 v

kPa ws
3547.9 6040 16076 0.665 9622
3343.0 63.82 1493 0.685 73N
3B 7.3 U2 0.4 a8
3533.2 70.50 14493 0.665 3985
3520.2 73.78 14087 0.5 61NN
3303.3 7717 1440 0.665 2127
35184 80.51 13237 0.4 4048
3513.4 £3.92 12003 0.666 Y
3308.5 O87.235 1540 0.664 OO
3503.6 90.54 12252 0.646 6207
3498.7 93.00 1195 0.666 AT
U937 97.29 VTS 0.686 TIV
308.8 100.70 11408 0.686 A/
3538.1  A2.45 13606 0663 "534
3BW.2 898 12007 0.433 VA
3584 75.67 12034 QK N8
3308.5 82.46 11336 0.6 IO
MHIS.7 8897 M 0.6 &6
3831 62,64 VIVIT 0.648 SEMY
3528.2 9.7 12854 0.¢45 540
3518.4  73.08 12076 0..66 3308
3308.6 82.38 1407 0.664 503
M96.4 89.19 10832 0.686 634
3518.4  T0.11 10626 0.666 3013
3518.3  #9.32 10402 0.664 4933

55

$8.50
44.03
33.54
R.Q2
32.51
.63
30.38
0.%
2.%
2.
2.3
2.6
33.40
R.73
2.
A8 W
.04
T &
nn
.43
7.8
.
.6
24.33
3.8

43.16
o7
40.27
w.n
36.60
35.48

32.49
32.45
3.4
.08
5.4
7.n
37.37
3.1
3t.01
30.05
0.2
37.45
.53
3t
w.27
30.30
7.6t
.07

wet
K
1.3
1.9
2.47
3.8
4.18
s.12
6.05
[ X,
1.97
3.3
9.18
10.10
10.9%
2.47
+.18
6.04
1.57
9.1
2.48
4.1
6.0%
7.5
.19
6.04
6.06

\re
]
n.zw
n.er
n.2zz
nw
"wer
1127
1.7
"7
1m.27
n.zw
127
n.w
n.w
1n.2z7
1".27
n.zw
n.e
1.27
1".2z7
1".27
1n.27
11.27
"z
14%.27
1.27

v
3
1.a7
L9
3.43
$.96
6.57
.3
8.13
[ Reg
N
1m.12
1.5
13.61
5.8
5.29
6.02
7.66
9.45
1.8
5.3t
.27
7.69
9.47
11.86
7.8
7.08

~Uncertaintieg---<+-----

L]
X
2.8

6.95
.33
.73
a2
s.&
9.30
10.0%
1.07
12.16
13.20
14.48
26.29
1.3
.
9.10
10.65
1.8
T3
r.97
9.13
10.67
12.%
8.68
.63



Charvel Spocimen
Cxpariment $
Date: 8 August 1999
Tiem: 15:26:11

TA
14

"0-rn

ks/h  kPe Pe
209.66 443.95 31.008 X340 S7.01 TI.L9  TISAL0

¥or-side Temperaiures:

X

=
1.508
2.540
3.080
7.620
10,180
12.700
13.653

Ingulated-Side

X
o
0.000
1.0
.37
3.
$.080
6.343
7.60
8.903
10.160
1.430
12.700
13.970
13.240
.57
$.080
7.607
10.173
12.700
2.540
$.000
7.620
10.147
12.13
7.607
7.633

Y
- ]

-0.945
-0.318
-0.330
-0.318
-0.318
-0.318
-0.330
-0.305%
-0.318
-0.318
-0.303
-0.3'8
-0.9%
.28
-2.3%
-.255
-4.283
-2.283

2.9

2.223

2B

.23

.3
-3.493

3.493

Tw

K
416.43
423.08
£52.8¢
481.08
502.86
521.93
3.7

Tesperatures and Csiculated Oata:

Tw
[ 4
34,05
35.26
.95
407.13
419.47
a.n
444.18
440.18
40,03
[, XM
0 R
308 37
.93
400.37
41,41
440.30
2.0
304.11
400.45
430.48
458.68
48.97
503.74
483.43
482.50

T
4
299.06
N
.0
336.7¢
e N
361.48
m.mr
386.31
o
410.%4
2.4
435,10
“U7.48
Rr.2
153.9%0
381.03
408.31
434,61
327.02
353. ¢
3%0.28
07.03

93.14
m.n

Teuw
K
.59
32.42
.8
7.3
34064
302.3
N6
.2
39048
4:1.57
423.30
436.20
8.7
2.3
354.52
nt.n
400.35
433.56
327.%6
333.92
381.02
407.08
434,22
393.72
393.34

Table 3 (continued)

vt
L}

’
kPe
35%.0
3544.8
.6
nR3
3525.0
s1.r
35103
3503.2
349¢.0
3483.8
3481.5
4.3
3442.0
n®.4
33233.0
3510.4
3496.0
3481.5
5%9.35
3325.0
3510.5
496.1
3481.3
33510.6
3310.5

v
s
n%
2.8
%.3
”..
93.07
$6.56
100.00
103.53
106.97
110.38
13.7
W17.38
120.93
nn
06.02
n.»
».n
106.64
80.14
084.82
.73
100.64
107.48
a3.66
8%.21

gt
3

.1

1205
20613
20084
19569
mna
10649
1228
17821
17645
17093
16762
16424
1110
19187
173
16393
15632
14981
183%
17453
16598
15043
1517
14013
14130

0.663
0.645
0.665
0.663
0.663
0.665
0.663
3.666
0.666
0.666
0.666
0.466
0.4606
0.643
0.643
0.666
0.666
0.668
0.6685
0.645
0.666
0.668
0.666
0.466
0.666

56

e B 24
5.9
45.40
Q.12
Q.03
4.
39.61
7n
3.3
7.5
38.19
41.92
45.17
2.1n
33.5%
5.8
5.6
3%.28
41.83
38.12
36.08
35.49
35.08
30.47
30.7%

80.74
.48
30.43
.73
46.52
45.40
43.66
.76
41.93
40.54
41.43
43.33
47.48
47.05
7.9
.53
.13
39.36
8.77
2.50
40.00
38.95
13.9
%.15
.2

1.92
3.2
4.66
5.83
r.07
1.93
3.2
4.66
5.82
7.08
4.66
¢.67

13.04
T.01
7.36
.
8.17
[ B¢}
9.3
9.82

.7

n.n

12.65

13.63

2.7
r.ar
T.64
8.%

10.42

12.37
1.2%
7.93
8.99

10.35

1.8
8.43
8.47



Table 3 {continued)

Charrei Spetinen

Experisent 3

Date: 8 August 1990

Timg: 15:32:04
TA n L] »0 Q- vt
X [ 4 kg/h kP P2

209.19  (20.49 40.64 33613 L& T35S

Hot-side Temperatures:

X v v
o [ ] K
1.588  0.653 ¥97.84
2.340 0.655 404.16
5.000 0.453 4XN.73
7.620 0.653 446.93
10.160 0.855 442.97
12.700 0.653 477.46
13.653 0.455 487.30

lnaulated-Side

X v ™ T
] o K K K

0.000 -0.963 325.62 296.15 299.07
1.270 -0.318 359.04 307.77 308.73
2.527 -0.330 372.40 317.37 31.42
3.810 -0.318 383.37 320.52 XR7.83
$.000 -0.318 392.82 335.66 336.04
6.363 -0.318 402.03 3435.09 346.35
7.620 -0.330 412.98 334.35 335.49
8.903 -0.305 40.22 363.79 345.20
10.160 -0.318 430.53 3IMR2.9¢ 374.46
11,430 -0.318 438.47 382.90 343.38
12.70C -0.305 444.66 390.92 392.58
13.970 -0.318 456.38 400.46 402.21
15.240 -0.953 &46.19 409.7T7 411.61
2.527 -2.223 378.07 319.69 320.53
3.000 -2.235 414.02 340.01 340.99
7.607 -2.235 425.29 360.66 M1.9
10.173 -2.225 1.4 381.55 IR.RQ
12.700 -2.223 437.96 401.40 402.62
2.540 2.197 3I78.0 319.36 320.26
$.000 2.223 401.64 339.19 0.
7.620 2.223 423.05 339.37 W0.73
10.147  2.223 441.08 379.75 38:.04
12.713  2.223 437.79 3IM.54 401.00
7.607 -3.493 448.18 323X 373.20
7.633  3.493 M3.77 370.25 IN.15

Tou r
kPs

3541.3
3350.4
W3
3528.4
3517.4
3306.4
3495.5
404
3473.6
3462.6
U316
3440.7
3429.7
35395
517.4
3493.6
Uun.s
34351.6
BW.L
B4
3495.3
un.7
U315
3495.6
3495.4

Temparatures end Celculatad Date:

ot
L]
335.0

v
s
104.26
107.89
111.53
115.04
118.58
12.26
125.88
129.56
133.19
136.80
140.38
1.2
w79
101 29
10.. 28
138 ¢
122.2
129.93
103.09
110.06
17.29
124.54
1.7
100.8%
103.30

ugt
b )
1.7
RE M b
W/tet -K)
20002 0.665 14'54
QK70 0.665 11685
24906 0.665 9956
20% 0.683 M2
904 0.645 9353
3421 0.6635 973
067 0683 N
3N 0.663 N7
4110 0.666 %61
N9 0664 NN
U7 0.666 9709
U9 0.666 10877
2006 0.666 11602
24142 0.648 9231
D% 0,685 T2
U3 0.688 801
21405 0.666 9033
20674 0.666 9521
2613 0.665 9083
53628 0.665 8705
22708 0.665  B662
21378 0.666 8341
2130 0.666 9252
18423 0.665 7200
19083 0.665 434

57

98.50
0.7
7.8
3.8
53.80
2.9
$1.16
8.6
9.6
48.3¢
49.31
3.4
57.05
53.84
40.88
43.61
“.74
47.48
5¢.9%0
48.68
£6.%6
43.%0
4.9
7.0
39.18

103.39
5.9
62.93
53.53
58.66
$7.62
35.65
s2.97
3.0
$2.19
33.06
37.32
5.»
59.04
45.56
9.4
50.64
51.08
58.11
$3.42
30.92
0.73
49.89
£1.86
43.28

et
X

0.63
1.17
1.49
1.95
.47
3.02
3.56
4.00
4.45
4.9
5.40
5.9
6.43
1.49
2.67
3.5%
.43
5.60
1.3¢
.47
3.3
.64
$.40
3.56
3.57

re
X
n.2a2
n.22
127
n.2r
1n.2zz
1.27
1n.27
1.2z
127
"
n.z7
1".27
na
"7
1".27
n.zr
11.27
1.7
n.2zz
1n.27
1".27
n.ee
1.27
1.27
1"

wh
X
12.42
$.17
3.59
6.00
6.50
7.1
7.8
.25
9.27
10.22
1n.n
11.88
2.7
5.46
5.
r.28
a.98
10.9%
5.43
6.19
7.38
8.80
10.68
6.58
6.7

X
13.36
7.13
7.45
7.76
8.16
3.67
9.3
9.60
10.50
1.3
12.%6
12.8
3.27
7.35
7.5
s8.™
10.2¢
12.00
.13
™
8.87
10.08
11.76
8.22
8.3



Table 3 (continued)

Charnel Specizen
Exparimont &

Oate: 10 August 1990
Tias: 14:04:43

() ™ ] ” P0-r1 v Qt wt
X L3 kg/h  kPa kPe X ] 3
300.87 709.80 3.78 69%42.2 1.88 25.2¢ 2226.0 1.03

Not-side Tesperstures:

v Tw

- -] K
1.588 0.655 486.16
2.540 0.65% 321.26
5.000 0.655 6409.04
7.620 0.85% 6n.%2
10.160 0.655 729.72
12.700 0.855 772.87
13.653 0.655 782.81

Insulated-Side Temperatures snd Calculated Date:

X Y Tw " Tow 14 v RE PR L}
cm [ ] [ 4 4 K “Pa s W/ (e -K)
0.000 -0.963 390.13 300.87 300.87 6P62.2 4.73 I 0.662 1458
1.270 -0.318 457.45 334.9% 334.96 69%62.0 5.2¢ 2228 0.662 1435
2.527 -0.330 506.9¢ 368.93 368.9%%¢ 6941.9 5.76 2087 0.663 1170
3.810 -0.318 S49.43 401.34 401.34 6961.7 6.25 1972 0.683 1066
5.000 -0.318 587.29 433.75 433.75 &M1.6  6.74 1870 0.64k 1057
6.363 -0.318 623.88 4(67.18 467.19 6914 7.25 V777 0.664 1047
7.620 -0.33C €57.26 500.04 500.04 6913 7.75 1696 0.664 1042
8.903 -0.305 688.29 533.51 533.52 69411 8.26 1622 0.664 1056
10.160 -0.318 716.85 566.08 566.08 6940.9  8.75 1557 0.665 1068
11.430 -0.318 740.95 598.17 590.18 6940.8 9.26 1496 0.665 109
12.700 -0.305 761.79 629.85 629.86 4940.6 9.7 1446 0.685 1208
13.970 -0.318 772.04 663.72 663.73 6940.5 10.26 13% 0.665 1620
15.240 -0.953 760.84 696.81 696.82 6940.3 10.74 1347 0.6 1901
2.527 -2.28 SW.3 370.81 370.81 69419 5.63 2025 0.663 1126
5.000 -2.235 S91.54 437.40 437.41 9616 6.62 1009 0.664 1053
7.607 -2.235 666.71 S505.17 305.17 69413 7.62 1639 0.684 104
10,173 -2.23 730.84 S7T3.71 S73.72 6940.9  8.63 1501 0.668 1024
12.700 -2.223 775.44 638.09 638.90 940.6 9.60 1393 0.685 1167
2.540  2.197 513,65 371.96 3I71.96 69419 5.59 1997 0.3 NB
3.000 2.223 598.60 438.90 438.98 &6%1.6  6.57 1785 0.4 1016
7.420  2.223 67T1.25 S07.87 507.88 613 7.57 1615 0.666 1003
10,147 2,223 729.38 $76.16 576.16 6940.9  8.57 1480 0.45 1048
12,773 2203 TT1.00 6A3.13 643.14 6940.6 9.55 1371 0.665 1239
7.607 -3.493 674.40 509.45 509.48 69413 7.53 1596 0.664 "3
7.633  3.493 688.21 S517.53 S517.54 4913 7.38 1525 0.664 960

58

8.74
8.13
6.13
5.28
4.97
4.68
.45
&3
4.18
4.13
4.39
5.69
6.43
5.88
4.9
4.30
3.98
21
5.85
4. 74
.23
4.05
645
4.18
4.00

10.08
9.65
7.3
6.2
5.7
5.49
S.7
4.9
4.7
4.65
4.97
6.18
6.m
7.04
5.0
5.00
4.35
4.68
7.00
5.62
4.9
4.8
4.9
4£.88
4.68

.77
1.87
1.96
2.00
1.95
110
1.27
1.57
1.83
2.0
1.10
1.20
1.59
1.83
2.00
1.61
1.66

et
K
2n
3.55
4.9
6.26
7.9
9.79
11.59
*3.01
14.48
16.00
17.58
19.35
20.95
4.69
7.9
11.57
14.50
17.58
&emn
7.99
11.59
16.47
17.60
11.57
1.60

\Nre
X
n.e7
n.z2zz7
11.27
n.z2z
n.27
n.zr
".27
n.z2z
11.27
1"n.27
1n.27
1".27
n.27
n.zz
11.27
n.22
n.27
1n.27
1.27
1.27
11.27
1n.27
n.zz
11.27
11.27

vh
]
11.60
5.04
5.60
6.16
6.81
7.8
8.58
9.50
10.61
12.1%4
14.12
18.41
35.3
5.52
6.80
8.40
10.27
13.70
$.52
6.66
8.3
10.44
16.46
8.27
8.09

%
12.680
7.04
7.45
7.88
8.40
9.08
9.89
10.69
11.70
13.10
14%.95
19.06
35.57
7.39
8.39
9.7
11.39
14.55
7.2
a.28
9.68
11.54
15.27
9.63
9.47



Table 3 (ccatinued)

Charnnel Specimen
Experiment &

Date: 10 August 1990
Tise: 14:16:47

™ ™ " 0 PPl Vf at
« r kN ke kP x "
299.11 S37.40  7.08 4.5  3.43 25,26 2433.0

Hot-side Temperstures:

} 3 Y ™

oR ca K
1.588  0.655 419.13
2.540 0.655 438.39
5.000 0.655 483.43
7.620 0.655 S21.77
10.160 0.655 570.34
12.700 0.655 599.82
13.653 0.655 604.14

Insulated-Side Temperasturas and Calculated Dats:

X \ 4 Ty A {4 Ton [ 4 v
o ] [ 4 [ 4 [ 4 kPs s
0.000 -0.965 352.77 299.11 299.11 6945 9.00
1.270 -0.318 397.34 318,55 318.55 69442 9.56
2.527 -0.330 425.83 337.95 337.95 6%3.9 10.13
3.810 -0.318 450.08 334.44 356.45 6&6M3.6 10.67
5.06) -0.318 471.89 374.93 374.94 6N3.3  11.20
6.363 -0.318 493.82 394,01 39%.02 &6%3.0 11.76
7.620 -0.330 $15.12 412,76 412.77 6%2.8 12.3%
8.903 -0.305 536.99 431.86 431.3" &M2.5 12.8
10.160 -0.318 555.95 450.44 450.46 6942.2 13.4
11.430 -0.318 572.49 468.76 468.77 6%1.9 13.9)
12.700 -0.305 S$85.96 486.83 486.85 6%1.6 14.46
13.970 -0.318 591.16 506.17 506.18 69%5.3 15.02
15.240 -0.953 574.90 S23.04 S$25.07 6961.0 15.57
2.527 -2.283 433.26 340.18 340.19 6543.9 9.64
$.000 -2.235 483.26 3I79.29 379.30 6%43.3 10.72
7.607 -2.235 527.31 i19.08 419.10 6%2.8 11.81
10.173 -2.223 563.78 439.34 439.35 6942.2 12.92
12.700 -2.223 394.62 497.62 497.6h 6941.6 13,97
2.540  2.197 432.49 340.18 340.19 6043.9 9.69
5.000 2.223 480.28 378.91 378.92 6943.3 10.76
T.620 2.223 526.43 418,71 418.73 6942.8 11.86
10947  2.223 366.98 458.17 438.19 6%42.2 12.95
12.713  2.223 595.26 496.87 496.88 &961.6 14.02
T.607 -3.493 539.80 425.85 425.66 6962.8 11.37
T.633  3.493 SA1.48 426.74 426.75 6962.8  11.34

qt
X
1.06

4802 0.661
413 0.662
241 0.662
4092 0.663
3956 0.643
3826 0.663
3704 0.664
3592 0.664
U90 0.664
3396 0.664
3309 0.664
3221 J.864
3141 0.664
3993 0.683
3710 0.443
3487 0.664
3256 0.666
3082 0.664
4012 0.683
3731 0.683
3486 0.464
3278 0.664
3100 0.664
3253 0.664
3230 0.664

59

L}
y/(w -K)
2631
Ar
2008
1844
1829
7
1749
1699
1668
1646
1”7
257
2670
1896
1706
1654
1684
1795
1910
1749
1662
1618
i
1568
1560

15.96
14.29
1.16
.89
9.48
9.01
8.50
8.01
7.64
7.34
7.63
9.53
11.02
10.49
s8.78
7.96
7.82
7.6
10.57
9.01
3.00
.33
7.59
T.47
T.42

17.48
16.14
12.67
1.2
10.76
10.20
9.60
9.03
8.58
8.1%
6.45
10.40
11.58
11.98
10.03
9.03
8.33
8.48
12.06
10.26
9.07
8,24
8.3
8.5
8.48

wef
K
1.35
2.1
2.76
3.66
6.66
5.1
6.76
7.58
8.44
9.33
10.25
11.28
1.2
2.76
4.66
6.7
8.45
10.25
2.76
4.66
6.76
8.44
10.26
6.7%
6.78

ure
X
1m.e7
n.27
1n.27
n.27
1n.z7
1.27
1n.27
n.er
n.27
1"m.27
n.ez
n.27
"7
1n.27
n.7
"n.27
"7
1".27
n.z2z7
11.27
1n.27
n.zz7z
1.27
"n.27
n.zw

vh
X
n.m
5.03
5.53
6.02
6.57
7.2
7.9
8.46
9.18
10.11
11.52
13.97
a.n
5.42
6.32
7.64
9.26
11.54
S.44
6.41
T.67
8.96
1n.6
7.37
7.36

%
2.7
7.04
7.40
7.78
8.1
8.75
9.35
.7
10.41
11.25
12.3%
1%.81
28.14
R
8.0t
9.08
10.49
12.54
7.3
8.08
9.1
10.22
12.43
8.86
8.85



Table 3 (continued)

Channel $o--.ian

Experiment &

Date: 10 Auguat 199C

Time: 16:28:13
TA (] ] ”0 P0-»1 vt Q- uqt
K [ 4 kg/h Ps kPs b 3 [} 3

298.22 425.81 13.461 6950.0 9.28 25.27 2503.0 1.16
-

Hot-side Temperatures:

4 ¥ Tw

o = ] K
1.588 0.855 367.00
2.540 0.655 375.62
5.080 0.65% 396.82
7.620 0.655 4£19.16
10.160 0.655 435.%0
12.700 0.4655 450.4%
13.653  0.655 457.3

Insulated-Side Temperatures and Calculsated Data:

4 Y Tw T Tou 4 v RE PR h
ca -] K K K kPs s W/ (e K)
0.000 -0.965 324.71 298.19 208.21 6950.0 17.53 9017 0.661 5524
1.270 -0.318 350.24 306.41 308.44 6949.3 12.11 8818 0.662 (Y, 214
2.527 -0.330 363 .- 318.62 318.65 6%48.5 18.70 8628 0.662 4010
3.810 -0.318 375.34 328.35 328.38 6947.7 19.25 8456 0.562 3784
5.080 -0.318 385.49 338.0f 338.11 6946.9 19.81 8292 0.662 3852
6.363 -0.318 396.06 348.12 348.13 6946.2 &5.38 8131 0.683 3851
7.620 -0.330 406.67 357.98 358.02 6945.4 20.9% 7979 0.663 3788
8.903 -0.30% 417.48 368.03 368.07 6944.6 21.51 7831 0.663 3720
10.160 -0.318 424.73 377.81 377.85 6X.8 22.07 7693 0.663 3861
11.430 -0.318 432.17 387.44 387.48 6943.1 (2.62 7563 0.663 3915
12.700 -0.305 440.41 396.95 397.00 6%2.3 23,17 7440 N.663 (314
13.970 -0.318 447.22 407.12 407.17 69%41.5 23.75 7313 0.864 4928
15.240 -0.953 441.26 417.05 417.10 &940.7 24.31 7193 0.464 5668
2.527 -2.223 368.20 320.03 320.05 6%8.5 17.57 8051 0.662 m
5.080 -2.235 396.99 340.82 340.85 4&9%48.9 18.68 778 0.683 3250
7.607 -2.235 414.02 361.98 362.0% 6945.4 19.81 7411 0.663 3542
10.173 -2.223 432.33 383.38 383.42 6438 20.95 Ti28 0.663 3700
12.700 -2.223 448.32 403.73 403.78 6°42.3 22.04 6882 0.683 4022
2.540  2.197 368.45 320.23 320.26 &%48.5 17.50 8011 0.862 3763
5.080 2.223 391.91 341.02 341.05 6946.9 18.61 7580 0.663 587
7.620 2.223 414.64 362.38 342.41 695.4 19.7¢ TINY 0.643 3527
10.147 2.223 431.37 383.53 383.359 6938 20.87 709 0.643 3790
12713 2,223 4A7.68 404.32 404.36 6942.3 21.97 684k 0.06F 4139
T7.607 -3.49% 423.34 367.12 367.13 6945.4 18.59 &7 O0.663 e
T.633  3.493 425.86 368.64 368.66 694y».4 18.32 6652 0.683 3221

60

33.32
28.31
23.16
21.43
21.40
20.98
20.25
19.53
19.92
19.86
20.60
246.18
27.36
2.7
17.v6
18.8°
18.90
19.85
Li.68
19.81
18.71
19.36
20.41
17.26
16.89

3%.92
30.36
24.92
3.07
23.00
22.52
a.nr
20.93
21.24
21.09
21.81
25.46
8.2
83.46
19.53
20.26
20.19
2i.03
3.8
21.39
20.1%
20.65
21.59
18.65
18.29

1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
".10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10

utf
K

0.84
1.19
1.52
1.99
2,52
3.07
3.63
4.07
4.53
5.01
5.50
6.05
6.5%
1.52
252
>.62
4.54
5.50
1.52
2.32
3.6
4.53
.51
3.6
3.6

\re
b 3
n.z2zz
11.27
11.27
11.27
n.azz
ner
n.2z7
n.z2r
11.27
n.zz
1".27
1n.z2z7
1".27
1n.27
n.2zr
1n.2z
n.27
1.27
.27
1n.27
1.27
1.27
n.2r
1n.27
1".27

vh
X
12.43
$.61
6.0%
6.58
1.35
8.06
8N
9.57
10.87
12.28
13.67
15.90
20.30
5.88
6.55
8.47
10.51
13.36
5.89
6.9%
8.43
10.69
3.1
8.00
7.92

%
13.37
T.48
7.8
8.1
8.76
9.45
10.18

11.93
13.23
16.53
16.66
30.70
7.67
.19
.7
11.80
14.26
r.87
8.50
9.78
n.n
14,56
2,40
9.32



Table 3 (continued)

Chareel Specimen

Exporioent &

Baie: "0 Augwrt 1990

Tiee: 1W:31:80

TA ki
[4 K
V6.4 350

xR oen v
7 S S O |
11.90 W2 W B2

unot-side Tempecaiures:

x ]
C ) ™
1.588 0.458
2.0 0.65%
$.080 G.o%%
7.0 ©.633
19.160  0.458
12.70¢  0.453
15.653 0.458

insulsted-Side

4 \ 4
[ [
0.000 -0.9%6>
.27 -0.318
2.521 -3.30
3.810 -0.318
5.000 -0.3'8
6.363 -0.318
7.620 -0.3%0
8.903 -0.305
10.%40 -0.318
11.43C -0.3'8
12.700 -0.30%
13.97% -0.318
15.2¢8 -0.953
2.5
$.000 -7.29%
7.607 -2.255
16713 -2.283
12.70n -2.223
T.%0 2.°97
5.000 2.2
T7.620 1.223
0.7 2.3
n’”ny Lz
7.607 -3.493
1.63%  3.493

Tw

4
330.58
353.99
3o.n
5.0
398.47
408.09
412.13

Temperatures snd Calculated Dats:

Tw L &4 Tow 4
4 K K [~ ¢ ]
316.43 190.38 28.40 56.2
I35.40 305.23 305.31 o548
34 78 312,11 312,17 69534
352.46 318.635 3'80.7* &952.0
339.22 35.19 325.235 #n0.8
366.29 331.93 3X32.00 &M9.2
I73.40 338.56 338.63 o7.8
38C.96 345.37 345.39 &0é.4
385.76 351.88 351.96 5.0
391.18 358.35 358.43 &w3.6
.00 36A.7% 36483 642.2
2.1 IN ST N6 %08
I97.53 3828 3T 9.6
347.86 313.32 3I3.37 9334
370.28 7.5 327.59 6050.6
379.87 342.00 342.06 69%¢7.8
391.80 356.63 334.70 #%5.0
403.26 370.55 370.62 2.2
343.15 313.21 313.26 &953.6
3.98 327.18 TN #50.6
37854 1K U160 w78
W13 385.77 3S5.4 ems o
402.78 369.73 360.87 2.2
WO.09 7.3 U743 HNT.8
308.35 344.60 346.70 &NT7.8

ar

2492.0

25.96
26.5%
REd8 X |
7.8
28.2%
28.81
29.33
29.95
30.39
39.08
n.e

-
P

2.7
25.06
2.5
7.28
28.43
29.52
25.3
26.4%
27.5%¢
a.n
.82
28 67
25.08

1.30

13351
13152

0.641
0.682
0.662
0.642
0.662
0.662
0.642
J.663
0.663
0.643
0.683
0.643
0.643
0.662
0.662
0.663
0.443
0.643
0.602
0.662
0.863
0.663

0.663
0.643

61

L]
/(e x)

S240

513

176

o
5109
413
4319

£3.80
».o
.45
30.27
n.4
30.12
20.27
2.19
28.86
29.54
9.9
33.3%
3.9
30.61
2.4
26.7%
27.52
28.56
30.2¢
a.07
27.10
.44
2.3
8.5
24.0%

nw, Wtw
K

$0.40 .3
L. vV
M.28 10
.20 110
R.20 119
31.0 110
30.% 1.0
*®73 1.0
30. 1.10
2.9 1.0
3.7 1.10
5.4 V10
7.® 1w
R.Q 10
3.2 .90
273 110
2.9 1.9
2.9 110
R0 LW
2.7% 1.9
a.8e 1.9
8.9 1.10
2.0 110
3.10 .10
25.60 1.10

et
[ 4

9.68
0.88
1.08
.38
.73
N
2.48
.n
3.10
3.
3.7
&.13
4.48
1.08

.
'

2.48
3.1
3.7
1.08
1.73
2.68
3.0
3.76
2.48
2.49

e
3
1.27
n.
1mn.er
.27
1.27
.27
.27
n.2zz
"nw
1.2?
"2z
n.2zz
1217
1m.2r
n.2r
1.27
n.az2r
1.27
n.w
1".27
1.27
"
1m.27
11.27
1.27

]
z
13.39
420
6.49
6.90
7.48
8.19
.95
9.48
10.6¢
11.88
3.0
14.60
27.3%
6.5
6.52
8.40
10.37
12.81
6.27
7.1
a.48
1.3
n’.n
n
T.08

4
16.26
r.on
[ 311
8.48
8.95
9.55
i0.21
10.468
11.76
12.85
3.9
15.4Y
27.83
8.00
e
$.73
11.47
13.72
T7.97
8.65
2.0
1.6
13.63
9.17
9.26



Chanval Specimen

Expe mpne &
Dats. 10 Mupmt 1990
Time: /:36:47
] ™ " ” ”0-"1
4 4 g/ e ke
29061 355.00 .2 M6 N.17

sat-s1de lamperaturszs:

s

-] 4
0.65%
.. 453
2.455
0.653
2.655
6.855
G.455

4 ]
=

I.”‘
2.348
S.o00
7.60
19.160
7.7

‘3.453 2.0

Table 3 (continued)

] ot gt
% v 3
B8 200 1.3

Insutetet-Side Temperstures and Calculeted Bate:

2 \J Tu ¢ Tow
e o K [ 4 [ 4

0.000 -0.95 311.15 298.48 298.40
1.2 -0.318 RNS.78 3N3.48 303.39
2.327 0.3 I2.08 7.8 M7
3810 -0.3W W.Q N.T NG
5.000 -0.318 M1.99 314.080 34N
0.3 3606 V.4 LSS
-0.330 351.1 JB.N IN.6
-0.305 3S7.19 .7
-0.318 340.20 3.2
-0.318 384t .3
-0.305 340.03 344.99
-0.318 372.13 us.
-0.953 348.09 n.M
.23 W77 308.98
2.5 BLAR 318
.05 B2 »Bn
.23 A7 nv.on
.28 .G 4e.75
2.197 334.57 08.77
.23 3AS5.<9 318.35
.23 .M 320 20
.23 30020 337.%
.23 M. Mr.53
-3.493 3IN7. % 34.04
3.493 343.44 m.n

7.620
8.903
10. 140
11.430
12.700
13.%70
15.2¢0
.57
5.000
7.607
10.173
12.700
2.348
5.000
7.620
10.147
n.ns
T.807
T.e33

138
.

348.51
.0
.7
3NN
3B
353.95
38.62
30163
318.3
.07
0.
Hr.»
n3.9%
m.n

» v
e
[ ]
#3589
0564
o539
o514
os.e

0.661
0.662
0.682
0.662
0.642
6.602
0.662
Q.642
3.682
0.442
0.443
0.643
9.483
3.682
0.482
.662
0.6682
3.443
9.682
0.662
0.642
0.682
0.643
0.662
0.642

3.8
1.3
“%.8
343
53.8
w313
9564
o318
.4
[ 28}
”s6.3
@364
ow31.4
4.3
i3
wse.3
b4
#te.3

0.
».Nn
®.33

EEISEESYRBEIQIINIRARILES

“ns

62

.48
.n
4.1
1.3
(3 -4
41.%6
40.54
.0
£0.13
.51
“®.
45.40
0. .34
1.9
»n.s
36.351
.
48.%
41.13
38.54
w.52
7.%
8.0
30.n
n.n»

e e
K

nye v\
%N LY
&.00 1.1
a2 e
43.47 .18
[N SR
Q22 .w
4.5 1.19
41.7¢ 110
41.08 1.0
8.7 1w
.9 L1e
30.48 1.1
3.0 1.9
6 LW
B2 LW
@H3% .9
L1.67 1.%0
a.9% 1.0
“0.xR .10
3.3 .V
».s5 1w
0.3 110
32.% .10
»ne

°Li
.08
.8
1.4
LN
1.9
2.1
L9
.8
2.8
3.2
LK
1.3
i.e
2.%
2.62
0.8
1.8
1.R
2.%
e
.n
1.

1.5
1.5
r.n
8.54
LN ]
.54
10.7%
n.n
12.68
13.5
5.0
T.08
.82
8.5
10.47
2.6
6.7
7.5%
.40
0.5
12.27
1.a
7.93

3.0
| X4
Ln
s.%u
2.3
7.3

10.41

10.73

nn

12.%

13.60

14.66

B.U
.9
.25
*43

11.57

13.58
8.53
.00
9.9

".y

n.a
.08
.3



Cowve. Spucisem
Caperimmnt &
Sate: G mgmt WO
tiam: 14:41:84

k(Y
<

[ ]
i

20.38 0. WU.N

ust-side Tunperstures:

X
o
1.5
2.348
3.J00
T.40
w. %
.A
13.453

v

L]
o.453
2.453
.53
.3
.3
.65
0.653

”n
e
0.2

"t
[ ]
5.2

Table 3 (-ontinued)

gui
Ec'
P

Irsulsted-Side Taperstures ww Calculsted BaCs:

 §
<
0.0
[, ]
.57
3.8
S.ve
$.383
.60
8.8
8. 48
1.3,
12.7%
13.9n
15.20
2.527
5.0
7.7
e
2.7
2.5
s.008
7.628
8.7
12.n3
r.607
7.40

v

[}
-8.90
-0.38
0.5
-0.3%
-4.3%
-0.3%8
-9.5%
-9.30%
-4.318

-0.388
4.3
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Table 3 (continued)
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Experinent §

Date: 13 August 1990
Time: 15:46:12

™ ™ " o R v et wqt
« K W W ke v x
296.57 676.53 1386 6984.0 13.66 T6.1S TST.0 1.04

sot-side Temperetures:

X \] Tw

ca ] K
1.508 0.455 513.79
2.540 0.455 542.00
5.000 0.5 407.21
7.620 0.655 477,95
10.160 0.655 737.99
12.700  0.655 762.47
13.653 0.655 ™™.03

Ingulated-Side Temperetuwres and Cslculated Dete:

X Y Tw 114 Ten 4 v [ ” ]
] o [ 4 [ 4 [ 4 s o/s (et -K)
0.000 -0.963 377.50 296.34 296.36 4P04.0 17.45 9201 0.461 T3
1.270 -0.318 459.61 326.9% 327.02 #MG2.8 19.40 BA2 0.482 45DV
2.527 -0.330 S506.26 357.39 3S7.42 9N1.7 21.13 812 0.3 I
3.010 -0.318 337.06 386.36 IM6.40 900.6 .82 7704 0.643 3533
3.080 -0.318 348.43 415.33 415.38 0794 N.49 7335 O0.64 36%0
6.363 -0.318 600.29 5.2 443.28 7.3 .21 5 0664 340
7.620 -0.330 £33.00 476.39 47486 HTT.1 279 65 0660 3506
8.903 -0.305 448.20 500.51 S04.59 #976.0 20.63 6419 0.6 3401
10.160 -0.318 &94.02 S533.62 $33.70 W74.9 31.31 6176 O0.664 BiY9
11,430 -0.318 712.80 362.3) S562.40 OTS.7 32.97 595 0.4 33W
12.700 -0.305 7I1.82 $90.63 590.73 #972.6 34.60 3737 0.5 3M3
13.970 -0.318 731.17 420.91 621.02 MN.5 36.35 3540 0.665 M
15.200 -0.953 TI2.40 €50.48 650.60 M70.3 38.08 533 0.445 35068
2.527 -2.223 320.76 1. M 361.42 #901.7 20.07 7365 0.443 3450
5.080 -2.235 593.98 423.13 423.18 A4 .40 479 0.664 3233
T.607 -2.235 455.67 403.96 4B6.02 M9TT.2 2.0 412 0.4 1208
10.173 -2.223 7.5.38 549.31 349.58 #7490 30.20 3479 0.4 37
12.700 -2.223 753.05 409.%% 610.03 #972.6 33.37 3523 0.5 3V3
2.340 2.197 517.19 343.06 343.00 901.7 19.73 T37 0.3 33435
5.000 2.223 S35.97 AB.77 4B A4 D07 430 0.6 US0
T7.620 2.223 3.4 490.23 (90.29 MT7.1 .48 6019 O0.664 32N
10,167 2.223 N7.93 554.12 354.20 OT6.9 20.87 5331 O0.664 3349
1.7 .23 T51.76 616.78 $16.87 #HT2.. 319 5136 0.5 WO
7.607 -3.493 670.86 493.97 494.03 977.2 26.13 Sa6 0.684 3154
7.633 3.493 701.26 $510.41 510,48 MTT.Y M9 53N 0.4 D

69

n.13
26.00
20.03
18.03
17.47
16.64
15.49
%.Q
13.93
13.92
“.a3
6.8
18.0¢
1.3
15.66
w.n
12.9¢
14.12
18.09
16.42
13.93
13.52
1%.06
13.57
12.30

7.
3.3
2.3
2.6
22.7%
19.61
1.1
1.8
16.12
15.86
16.46
18.7¢
.2
2.8
18.63
16.87
15.04
15.86
2.95
19.57
18.45
15.34
16.57
16.06
14.65

1.53

1.0
1.25
1.5
1.7%
.n
1.9
.n

et
4
2.06
3.30
4.3
s.e
r7.Q
9.10
0.7
12.08
13.46
1487
16.34
17.98
19.47
4.3
r.62
10.75
13.47
16.3%
4.38
r.62
.77
13.44
16.33
10.73
10.73

vre
X
1.27
n.zz
mn.27
"z
nzw
n.z
n.w
n.z
n
n.er
n.zz
".27
n.zw
1".27
1mw.27
1.27
1n.z7
"7
1".27
1.27
1.27
.27
n.2zz
1.7
11.27

h
3
11.63
4.50
5.3
5.9
6.54
.5
3.06
8.60
.51
10.91
12.46
146.47
27.06
.21
6.17
r.7
9.1%
12.32
5.27
6.38
7.60
9.34
12.9¢8
T.49
7.18

%
12.63
6.08
7.26
7.68
8.19
8.8t
9.4
9.90
w.n
1.97
13.40
15.29
27.51
r.17
1.9
9.6
10.39
13.27
ra
8.06
$.0o0
10.57
13.89
8.96
8.68



Charnel Specimen

Expsriment 8
Oate: 13 Auguat 1990
Time: 15:53:27
A 18 ]
[ 4 [ 4

”

PO-P1

kg/h WP s
296.5¢ S85.58 18.46 6984.7 20.05 6. 7e90.0

Kot-side Temperatures:

4

ca
1.588
2.540
5.080
7.620
10.160
12.700
13.653

Insutated-Side “emperstures and Calculated Data:

 §
=
0.000
.20
2.527
3.810
3.000
6.363
7.620
8.903
10.180
11.430
12.700
13.970
15.2¢0
2.527
5.080
T.607
10.173
12.700
2.540
5.080
7.620
10.147
12.7113
7.607
7.833

v

-
0.655
0.655
0.65%
0.653
0.65%
0.655
0.635

A
)

-0.965
-0.318
-0.330
-0.318
-0.318
-0.318
-0.330
-0.305
-0.318
-0.318
-0.30%
-0.318
-9.953
-2.23
-2.235
-2.233
-2.283
2.2

2.197

.23

2.23

2.283

.23
-3.493

3.493

Tw

| 4
470.10
489.31
536.85
508.64
625.27
657.67
676.21

T
[ 4
356.84
Q@2
433.37
478.03
500.33
523.56
3%7.12
570.50
586,54
603.05
421.98
640.3%
624.99
£66.21
s21.60
364.60
607.22
643.41
k.77
316.06
568.43
604 .85
&3.13
%431
600.74

¢

K
296.51
319.52
342.49

386.29
408.87
431.07
453.68
473.68
497.36
318.7%
541.65
364.00
us.7
»2.67
&49.39
488.66
334.56
346.66
393.9%
442.53
490.70
537.93
450.92
460.07

Tow
K
296.55
319.58
342.36
364.46
306.36
408.96
3107
453.79
473.80
497.49
518.91
541.80
364,16
345.82
».7
440.48
488.77
S%.69
346.72
39,01
442.62
490.80
538.06
451.00
460.14

Table 3 (continued)

vt
b 3

4
P
69867
6963.1
6981.4
0.7
678.1
6976.4
6974.7
6973.0
[ g K}
6969.7
6968.0
6966.4
6964.7
6981.4
Ly B
0T 7
[ /a N}
6968.0
6981.4
o781
6974.7
o714
6968.0
ONn.7
OT4.7

at
v

v
s
3.6
B5.47
.5
28.9%4
30.64
2.»
%N
35.87
37.58
39.26
40.%
42.70
A4
5.68
.07
R.52
36.02
39.35
B5.4
28.78
2.5
35.70
.08
31.00
29.97

vat
X
1.08

1352
1rss
1220

198383

P3ISELRABEREIERE

70

0.661
0.662
0.663
0.683
0.683
0.4664
0.664
0.66¢
0.664
0.464
9.666
0.660
0.685
0.43
0.663
0.664
0.664
0.664
0.663
0.663
0.664
C.664
0.664
0.664
0.664

43.13
%%
7.
3.4
3.00
.20
23.04
22.06
22.18
21.90
.22
24.86
.
3.36
21.87
2.2
20.35
20.64
25.80
23.04
20.86
21.09
2.8
19.46
18.18

49.97
40.67
2.3
2.50
28.82
a.713
.27
5.02
4.9
26.35
24.55
.26
8.9

25.57
2.3
2.93
2.8
30.31
26.73
5.9
23.66
83.48
R.82
21.08

et
<
1.60
2.53
3.33
4.43
5.65
6.93
8.19
9.19
10.2%
1.3
12.83
13.68
14.81
3.5
5.65
8.18
10.35
12.43
%
5.65
8.19
10.23
12.44
8.18
8.20

Uncertasinties

V¥re
X
1"z
n.a
1".2r
11.27
1n.27
1.7
1.27
"2z
1n.27
1n.2z7
11.27
n.aa
1.27
".27
n.zr
1.27
n.2zz
n.27
n.2z
n.zz
1.27
n.27
1.27
1.27
n.2r

uh
X
n.7r
4.86
5.40
5.98
6.65
7.47
8.32
9.03
10.28
11.68
1.
14.54
27.59
5.26
6.22
79"
.75
12.3%
5.30
6.40
7.85
10.04
1.7
7.54
7.30

Wy
b
n’.n
6.91
7.3
.7
8.27
a.9%
9.66
10.28
11.40
12.63
13.82
15.35
28.03
T.20
7.93
9.32
10.92
13.28
7.3
8.07
9.27
11.18
13.64
.01
8.80



Table 3 (continued)

Charnel Specimen
Experiment §

Date: 13 August 1990
Timg: 15:59:43

™ ™ " [ W) ot wqt
K K kwh Wa M X v T
206.23 507.%¢ 25.23 9S.1 30.76 Te.28 7¢9.0 1.07

Not-side Temperatures:

X Y 1 ()

] [ ] [ 4
1.588 0.655 433.27
2.540 0.455 448.08
$.080 0.65% 482.55
7.620 0.655 519.60

10.160 0.655 548.40
12.700 0.655 SM.0
13.633  0.4355 S85.9%¢

Insulated-Side Teaperstures and Calculated Dats:

X Y ™™ 114 Tow [ 4 v RE [ ] [}

ca - N K K K kPa a/s N/(w -K)

6.000 -0.963 340.54 296.13 296.22 6985.1 32.61 (7040 0.661 10157
1270 -3.318 390.38 312,84 312.9%¢ 6962.6 34.40 16634 0.662
2.527 -0.330 413.84 329.52 320.43 6900.0 36.18 15872 0.462
3.810 -0.318 431.86 :S5.42 35.54 6677.4 37.89 15378 0.663
S.000 -0.318 447.99 361.32 361.45 679 39.60 W98 0.663
6.3643 -0.318 &64.90 377.72 377.86 69T2.3 4136 77 0.683
7.620 -0.330 481.80 393.83 393.99 4069.8 43.00 14072 0.683 4SS
8.503 -0.305 499.16 410.25 410.42 6947.2 44.85 13687 0.864 637
10.150 -0.318 510.87 426.22 426.41 6064.6 46.57 13335 0.664 6593
11.430 -0.318 523.60 441.96 442.16 J962.1 4B.27 13000 0.664 6434
12.700 -0.305 S537.39 457.50 457.71 6959.5 49.96 12705 0.660 016
13.970  -0.318 S51.67 476.12 474.3% 6956.9 S51.73 12308 0.664 788!
15.200 -0.933 338.61 490.34 490.58 6954.4 S3.48 12114 0.6646 8769
2.527 -2.223 423.34 332.37 332.47 6900.0 33.63 14546 0.462 4146
$.000 -2.233 468.95 366.87 366.99 &974.9 37.04 13610 0.663 5504
7.607 -2.23% 497.40 401.97 402.11 6940.8 40.51 12792 N.663 ST
10,173 -2.223 SQ7.23 A37.48 4A37.64 69646 44,03 12075 0.664 6216
12.700 -2.223 SS4.72 AT.23 4T1.42 6959.5 47.38 175 0.664 4416
2.540  2.197 423.07 332.44 332.53 6980.0 33.74 14589 0.682 6164
5.000 2.223 460.80 366.63 366.77 970.9 37.13 13457 O0.643 5969
T.620 2,223 496.9% 401.83 401.97 &969.83 40.63 12835 0.663 5966
10,147  2.228 526.16 436.69 430.85 6964.6 4400 12127 0.664 6237
12.M3 .23 $54.40 4P0.87 4AT1.06 6959.5 47.49 11517 O0.666 6618
T.607 -3.403 519.0% 413.38 413.50 69¢9.8 37.59 11332 0.464 5369
TAT 3493 S523.50 415.97 416.090 6969.7 37.13 11078 O0.664 5273

BREEZ

IA

61.5%
46.26
37.47
34.60
R.47
33.64
2.7
3.10
31.36
30.79
31.36
n.
37.92
.53
28.96
29.43
29.06
29.80
34.63
3142
29.53
2.13
.42
26.07
3.5

64.42
52.29
42.47
».n
33.%0
rn
36.17
34.64
34.65
33.00
%.26
37.76
39.93
9.4
33.1%
3.0
32.18
32.16
39.54
35.63
13.19
32.33
32.18
2.5
28.93

.10
1.10
1.10
1.10
1.10
1.0
1.10
1.10
t.10
1.10
1.10
.n
1.10
1.10
1.10
1.10
1.10
1.3
1.10
1.10
1.9
1.10
1.13
1.10
1.10

et
K
1.2
1.08
2.46
3.2
4.15
5.08
6.01
6.74
7.50
8.29
.1
10.02
10.86
2.6
413
5.9
.51
.11
2.46
4.13
6.00
7.50
9.12
5.9
6.0t

ure
X
.27
"2z
1"n.27
n.z2z
n.2z7
1.27
.27
n.7
11.27
1n.27
n.ez
1".zzz
1".27
1".27
1.27
n.z2rs
n".2r7
1.27
1".27
n.27
1".27
1ner
n.z7
.27
1n.27

vh
X
11.87
9N
5.3
5.96
6.58
7.3
8.17
8.8
9.98
11.20
12.34
13.66
26.02
5.29
6.04
7.70
9.53
i1.88
5.30
6.9
.3
9.54
11.88
7.20
T.13

X
12.85
6.95
7.33
.n
8.2
8.8
9.54
10.10
1.13
12.24
13.28
14.52
26.48
1.3
.
9.4
10.73
12.8¢
T.24
7.9
9.16
10.73
12.86
8.7
8.66



Table 3 (continued)

Channel Specisen

Experiment 8

Date: 13 August 1990

Time: 16:05:21
TA m [ ] 0 PO-Ft vt
| 4 K kg/h kPs kPs }

296.08 459.15 32.68 6907.0 &4.87 76.33

Mot-side Temperastures:

4 Y ™™

o = ] K
1.588  0.655 413.10
2.540 0.45% 4(22.v9
5.080 0.855 448.85
7.620 0.655 477.4%
10.160 0.655 498.13
12.700  0.655 517.01
13.653 0.655 $29.13

insulsted-Side Temperatures and Calculated Deta:

Y ™ T Ton 4
-] cn [ 4 K K kPs
0.000 -0.965 X30.45 295.91 296.06 6987.0
1.270 -0.318 371.43 308.65 308.82 &943.3
2.527 -0.330 389.15 321.37 321.55 &979.6
3.810 -0.318 403.17 333.49 333.49 6975.8
5.080 -0.318 415.59 345.62 345.52 6&972.1
6.363 -0.318 428.60 358.12 358.34 6968.3
7.620 -0.330 441.64 370.41 370.65 6964.6
8.903 -~.305 455.62 382.93 383.18 6960.9
10.160 -0.318 464.26 395.11 395.38 6"7.2
11,430 -0.318 474.29 407.11 407.40 6953.5
12.700 -0.305 4B4.98 418.96 419.26 4&949.8
13.970 -0.318 496.33 431.62 431.95 &%6.0
15.240 -0.953 485.36 443.99 444.33 6M42.3
2.527 -2.223 396.61 323.84 323.99 &979.6
5.080 -2.235 436.13 350.40 350.5. &R
T.607 -2.235 455.42 377.43 377.66 6964.7
10.173 -2.223 477.65 40L.77 405.01 &957.2
12.700 -2.223 499.26 430.77 431.03 6%9.8
2.540 2.197 396.86 323.71 323.86 &HM.5
$.080 2.223 426.21 349.89 3%50.07 &972.1
7.620 2.223 454.06 376.831 377.02 6964.6
10,947 2.223 477.06 403.48 403.72 &957.2
2.3 2,223 499.01 429.64 429.91 &6M9.7
7.607 -3.493 477.53 388.79 383.95 &964.7
7.633 3.493 477.56 388.99 389.16 6964.6

Qt
[}
7682.0

42.41
46.40
46.19
7.9
49.62
51.39
53.13
54.90
56.63
58.34
60.03
61.83
63.59
42.48
45.90
49.39
52.93
56.30
42.%6
46.27
49.78
53.26
56.68
44.65
.72

gt
)
A1)

22299 0.661
21689 0.662
21111 0.662
2059 0.662
20106 0.683
19630 0.663
19187 0.663
18760 0.663
18366 0.663
17956 0.663
17648 0.664
17293 0.664
16962 0.664
97 0.682
13133 0.643
17293 0.663
16491 0.663
15806 0.664
19358 0.662
18372 0.643
17475 .683
16683  0.663
15963 0.664
15885 0.663
14897 0.683

72

h
/(e -K)
13060
9796
8244
7849
8027
8061
™64
mres

.13
s7.78
47.35
43.9
43.94
43.10
41.683
39.82
40.38
39.54
40.27
44,03
47.38
43.85
35.51
37.52
37.66
38.06
43.61
39.9
37.93
37.40
37.68
32.30
32.35

84.08
63.9%
52.61
48.83

47.58
45.86
43.81
.13
43.01
43.65
47.57
49.76
49.02
40.05
41.60
41.23
41.28
48.78
.52
42.03
41.00
40N
36.17
38.21

wet

K

0.99
1.48
1.9
.52
3.20
3.
4.63
5.20
5.78
6.39
7.02
1.7
8.37
K8 )
3.2
4.62
3.®
7.02
1.9
3.2
4.63
5.78
7.03
4.62
4.64

Vre
b 3
11.27
11.27
1.27
.27
n.27
1.27
n.2z7
1".27
11.27
11.27
11.27
n.2z7
n.27
n.2zz7
11.27
1.27
.27
11.27
11.27
1.27
11.27
"o
1"n.27
11.27
11.27

Wh
2
12.07
4.99
5.47
5.95
6.51
2
r.97
8.50
9.60
10.68
n.»®
2.7
26.16
5.3
5.87
.47
9.2
11.32
5.34
6.21
7.53
9.13
1.2
6.88
6.90

X
13.04
.o
1.36
R
8.16
8.73
9.36
9.83
10.79
11.76
12.68
13.62
%.66
r.26
T.66
8.95
10.45
12.35
T.26
7.93
8.9
10.37
2.2
8.46
8.47



Table 3 (continued)

Channel Specimen

Experiment §
Date: 13 August 1990
Time: 16:11:03
TA m L] PO PO-PY vé
[ [ 4 kg/h kPa kPa X
295.76 425.69 40.88 &99M.9 &3.11 76.23

Hot-side Temperatures:

Y

o o
1.588  0.455
2.540 0.653%
5.080 0.655
7.620 0.655
10.160 0.4855
12.700 0.655
13.653  0.65%

Insulated-Side

X A\
[} [= ]
0.000 -0.965
1.270 -0.318
2.527 -0.33
3.810 -0.31%
5.000 -0.313
6.363 -0.318
7.620 -0.330
8.%03 -0.308
10.160 -0.318
11.430 -0.318
12.706 -0.303%
13.970 -0.318
15.240 -0.953
2.521 -2.283
5.080 -2.235
7.607 -2.235
10.173 -2.223
12.700 -2.223
2.540 2.197
5.000 2.223
7.620 2.223
10.%47 2.223
12,73 2.223
7.607 -3.493
7.633  3.493

Tu

| 4
397.39
403.9%
425.32
£48.20
464.66
9.8
489.94

Temperatures and Calculsted Datas:

Tw T Tow 4
K K K kP
323.38 295.49 295.73 6991.9
357.98 305.56 305.82 6986.7
371.82 315.61 315.88 6981.5
383.12 325.18 325.48 4976.2
392.97 334.76 335.07 6970.9
403.26 344.64 344.97 6965.6
413.63 354.35 334.59 6960.4
425.27 344.24 366.60 4955.1
431.71 373.86 374.24 6949.9
439.94 383.34 383.74 6944.6
448.33 392.70 393.12 6939.4
458.44 40Z.70 403.15 6934.1
448.21 41247 $12.9%¢ &928.8
T84 3N7.77 317.99 6981.5
412.79 338.92 339.18 6970.9
425.84 360.45 360.75 6960.4
4£42.63 382.23 382.55 6W9.8
460.04 402,93 403.30 6939.4
376.30 317.54 317.77 &981.4
401.84 338,27 338.54 &970.9
426.01 359.59 3590.89 6960.4
442.62 380.72 381.05 6949.9
460.06 401,43 401.81 6939.3
647.30 371.26 371.47 6960.4
445.11 370.30 370.54 6960.3

Qat
v

7654.0

53.60
55.40
57.20
58.93
60.65
62 43
66.19
65.97
7.
69.44
7.9
72.96
Th.Th
52.14
55.58
59.09
62.65
66.05
52.99
56.31
59.8
63.33
66.80
52.20
52.9

wqt
X
1.16

28133
a3
26935

25392
2451
24463
24035
23631
23248

22483
4278

22307
21439

24655
23632
22679
21820
21049
18772
19104

[ ]

0.661
0.662
0.662
0.662
0.662
0.663
0.663
0.663
G.683
0.683
0.663
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Channel Specimen
Expariment 8
Date: 13 Auguat 1990
Time: 16:20:46

Ta
[ S

™
K

L}
kg/h

PO
kPs

295.73 582.37 18.38 7035.3

Hot-side Temperatufes:

X

-
1.588
2.540
5.080
7.620
10.160
12.700
13.653

v

ca
0.655
0.65%
0.655
0.455
0.655
0.655
0.653

Insuleted-Side

X
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™

K
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38,41
536.05
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624.52
657.03
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Temperatures snd Calculasted Data:

™
K
355.86
420.37
452.69
477.22
499.68
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546.67
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602.72
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485.69
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583.17
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"

K
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318.33
3%
363.07
384.81
407.23
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473.5%
495.08
516.32
539.04
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34654
391.08
438.38
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531.7¢
345.46
392.39
440.62
488.43
535.31
48.58
457.53

PO-P1
kPa
19.84

Tow
K
295.73
318.58
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363,14
384.88
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451,82
473.67
495.20
516,46
539.19
$61.39
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391.12
438.46
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345.52
392.45
440,70
488.53
535.43
448,56
457.61

Teole 3 (continued)

vt
X
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7018.9
7017.3
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v
ws
23.34
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35.28
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35 45
BN

28.33
3.7
35.11
38.43
30.56
29.54

wqt
]
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0.661
0.662
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0.664
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20.75
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23.49
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Table 4.

Uncertainties in data analysis parameters

and calculated quantities

Uncertainty Major Source Magnitude of Estimated or
Parameter of Uncertainty Uncertainty Calcilaced

Channel Width Measurement 0.025 oa Estimated

and Height

Length of Mea-uremen. 1 om Estimated

Heated Zore

Location of Measurement 1 om Estimated

Temperature Probe

Channel Flow Rate Specimen Uni- 5% Estimated
formity

Fluid Temperature Channel Flow Rate 0.5-21.0 K Calculated

Total Heat rlow Inlet and Outlet 1.0-2.0% Calculated
Temperature

Fluid Velocity Channel Flow Rate 6.9-7.5¢% Calculaind

Friction Factor Channel Height, 17-18% for Calcularted
Pressure Taps Re > 4000

2ar. Transfer Chainnel Flow Rate $5.9-12.9%, Calculated

Coefficient 0.2<x/1<0.8

Reynoids Number Viscosity Function, 11.3% Calculaced
Channal Flow Rate

Nusselt Number Channel Flow Rate 7.6-13 8%, Calculated

0.2<x/1<0.8 |

A
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Table 5. Predicted flow distribution in Leat transfer experiments
using method of Appendix B

Location of !
Region Boundaries Temp. Probe
(y/¥) (y/¥) ;
4
1 -0.500 , -0.364 0.4442 '
2 -0.364 , -0.163 0.2842
3 -0.163 , +0.120 0.0420
4 +0.120 , +0.363 +0.2827
S +0.363 , +0.500 +0.4442
Expt m . -n/m for each region
» (kg/h) 1 2 3 4 5
3 4.06 | 6.9817 1.0034 1.0321 0.9958 0.9539
k] 8.41 | 0.9650 1.0055 1.0568 0.9917 (.9235
3 14.94 | 0.9223 1.0021 1.0762 1.0022 0.9123
3 20.00 | 0.8942 (0.9992 1.0864 1.0112 0.9072
3 29.39 | 0.8562 0.9971 1.1015 1.0217 0.8981
3 39.79 | 0.8226 0.9946 1.1141 1.0316 (.8913
4 10.16 | 0.9329 0.9973 1.0680 1.0031 v.924C
4 14.90 | 0.9442 1.0054 1.072° 0.9950 0.9052
‘% 20.34 | 0.9156 0.9996 1.0615 1.0067 0.9033
4 30.30 | 0.8929 0.9966 1.0944 1.0142 0.8904
4 40.04 | 0.8785 0.9951 1.1037 1.0183 0.8802
5 13.33 | 0.9651 1.007z 1.07.~ 0.9851 0.8%19
S 17.31 | 0.9430 1.0090 1.0816 0.9920 0.8885
5 23.81 | 0.9042 1.0040 1.0904 1.0072 0.8848
5 31.08 | 0.8763 1.0034 1.1009 1.0144 (.B828
5 40.64 | 0.8487 1.0027 1.112¢ 1.0215 0.8757
6 3.78 | 0.9845 1.0051 1.0328 0.9937 0.9510
6 7.08 | 0.9456 0.9974 1.0546 1.06.1 0.9407
6 13.61 | 0.9295 1.0042 1.0732 0.9997 0.9126
6 19.90 { 0.8904 0.9998 1.0870 1 Mm?2  0.9069
é 28.62 | 0.£528 0.9970 1.1013 1 I 0.8997
6 40.98 | 0.8104 0.9939 1.1178 1.u,45 O 8922
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Table 5. (Continued)

Expt. o m_-n/m for each region

» (kg/h) 1 2 3 4 5

7 9.27 { 0.9317 0.9866 1.0635 1.0104 0.9372
7 15.90 | 0.9363 1.0023 1.0736 0.9998 0.9075
7 21.95 | 0.9026 0.9998 1.0843 1.0110 0.9025
7 31.35 | 0.8733 0.999¢ 1.0980¢ 1.0181 0.8912
7 40.86 { 0.8519 0.9990 1.1083 1.0233 0.8823
8 13.84 | 0.9663 1.0071 1.0732 0.9866 0.8951
8 18.46 | 0.9397 1.008 1.0799 0.9953 0.3902
8 25.23 | 0.9064 1.003¢ 1.0891 1.0070 O 8899
8 32.68 | 0.8815 1.0037 1.0996 1.0131 G.8825
8 40.88 | 0.8614 1.0034 1.1082 1.0185 0.8752
8 18.38 | 0.9412 1.0084 1.0789 0.9945 0.8922
9 17.94 1 0.9568 1.0123 1.0824 0.9849 0.8808
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Gas Supply

138 MPe (2000 pr) fresmre!  'eaciccccccccccenaa ) —

1163 o (30 000 0cf) Paguister Spaciwen Purrace Water
Voive 3 Section Bath

Figure 1. Helium flow apparatus.
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Cooling Air____ . Cooling Air

and Water ‘ and Water
480 VAC
75A
Radiant Heater
[ ) Water-cooled
2Radiant Hea Reflective Wall
. ‘ ‘ Refractory
Manitold — 15¢cm —-—] Insulaticn
cm
- Channel
Gas In 285 ; _ Specimen Gas Out

Pressure Tap ~ 0 \ ™\ Pressure Tap
yhermocouples

Figure 2. Specimen turnace, showing location of inle: gas temperature a),
upstream pressure (0), outlet gas temperature (B), and downstreanm
pressure (1).
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Channel Specimen
(end view)
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l r 78.5 .
‘ TN
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AR i i

3.18 Wide Ridge

3..8 x 0.56 Slots
(12)
3.20
Quartz Insulation,
48 dia.
Type N Thermocouple /
Wires, 0.25 dia.
NOTE:
All dimesions in mm.

Figure 3. Channel specimen.
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Figure 4. Top view of channel specimen showing locations of blockage in flow
channels due to braze fillets.
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Figure 5. Friction factor (f) as a function of Reynolds number (Rz) for
experiments 1 and 2, no heating, compared to tute specimen
correlation and smooth tube correlation.
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Figure 6. Percent difference between predicted and measured pressure drop
(Py-P,) as a function of helium flow rate (m) for heat transfer
experiments.
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Figure 7. Wall (T,) and gas (T,) temperatures as a function of x/L;

experiment 8, 13.8 kg/h helium flow, and y/W = -0.04.
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Figure 8. Wall temperature (T,) as a function of y/W at several x/L
locations; experiment 8, 13,8 kg/h helium flow
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Figure 9. Wall-to-gas temperature difference (T,-T;) and heat transfer
coefficient (h) as a function of x/L; experiment 8§, 13.8 kg/h
helium flow and y/W = -0.04.
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Figure 1C. Reynolds number (Re), Nusselt number (Nn), and modified Nusselt
number (Nu,) as a function of x/L; experiment 8, 13.8 kg/h helium

flow and y,W = -0.04.
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Figure 11. Modified Nusselt number (Nu_,) as a function of Reynolds number
(Re); all heated experiments with 0.2 < x/L < 0.8 and
y/W = -C.34.

89



1.50 l'llfrr"[llll"ll“'lIYVIY"IlT'Y"ll‘|]T‘ll!l!'|

1.00

(U W WY VS UK W VN O S U W O T O

o
4
<

Center is Here

Normalized Meter Heat Flow

W VR RS VIR U VUK WS W SO0 W W W |

Edge of Meter Aligns
/ With Wall When \

llll'lTl![r'ﬁT‘ll'l'T7TVITT‘IT

0.20 0.40 0.60 0.80 1.0
X /L

o
o
pO
(@]
(8]
{

Figure A.1. Normalized meter hest flow as a function of x/L for y/W = 0.12,
368 voltage, reflective furnace calibratjon.
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Figure B.1. Ratio of predicted channel flow to average channel flow, as a
function of y/W at several total flow rates for experiment 8.
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